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FORLWORD
This report describes the analytical
methods and user's instructions for a generalized
heat transfer and fluid flow computer program which
is especially suited to performance predictions of
the Apollo fuel cell radiator and condenser cooling
system. The computer program was developed wader
NASA-MSC Crew Systems Division Contract NAS9-2772.
Mr. D. W. Norris is the contract technical monitor.
Nor. J. A. Raymer of the NASA-MSC Propulsion and
Power Division provided the fuel cell cooling loop
i
	 analysis requirements.
Revision A .includes modifications which
were added to the LVVM20 routine under Contract
NAS9-6807, Task 3.4. The most significant addition
was the fuel cell option which permits the analysis
of an Apollo type fuel cell described in Section 3.6.
Sections 4.10,.4.11, and 4.12 were also added. A
revised data preparation manual is also included in
Section 5.2.
t
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T time variable
Subscripts
L,S indicates liquid surface
g indicates gas mixture
o indicates non-condensible component
1, v indicates vapor or condensible component
xi
•1.0	 : W4WY
This report presents analytical methods, user's instructions, and
a sample problem for a generalized computer routine developed for the analysis
of Apollo type fuel cell cooling loops. The routine methods are particularly
suited to analysis of the fuel cell radiator, primary to secondary loop con-
denser, and associated flow loops and controls. The routine can be used for
simultaneous performance predictions of the entire secondary cooling loop and
the condenser portion of the primary loop. Although the routine version pre-
sented herein was developed for the Apollo fuel cell cooling system, the
generalized data,input allows application to a wide range of space radiator
and flow system problems.
The generalized computer routine utilizes an explicit finite differ-
ence method to obtain steady state or transient heat transfer solutions.
Thermal properties and dimensions are input directly without computing thermal
capacitances or resistances. Multi-dimensional conduction heat transfer is
easily accommodated by the generalized data input. Temperature dependent
j	 fluid and material properties are specified separately for each problem and
any number of these properties can be used in any one problem. The external
heat flux environment can also be specified separately for each subdivision
of the thermal model.
i
The routine contains a flow system analysis capability which permits
solution of any combination of parallel and series flow circuits, including mani-
E folding,for inc ompressible laminar or turbulent fluid flow or for two-phase
	 p
condensing flow with laminar liquid flow and laminar or turbulent gas. Various
flow control options allow the system flow to (1) be balanced in parallel flow
paths, (2) be independently specified. in each flow path, or (3) be a function
of the pump flow rate/pressure drop characteristics. Valve control options 	 «
provide for use of rate and/or temperature dependent bypass, on-off, or pro-
portional flow control valves in the fluid systems. The fluid systems may
consist of an open or closed loop flow network. Fluid may also be stagnant or
frozen in portions of the flow system. Three commonly applied methods are pro-
vided for specifying cooling loop heat exchanger heat transfer characteristics.
Two methods are provided for obtaining steady state thermal balances
on space radiators. A simplified method provides for rapid analysis of radia-
tors with	 rectangular simple	 g	 A second method provides for	  radiatin fins.
steady state or transient solutions of radiators with more complex geometry.
r-	 A special routine option provides for determination of equilibrium radiator
inlet and outlet temperatures when only the radiator flow rate, heat load,
and environment are specified.
The routine provides for interruption and restart of a problem to
check answers during the initial phases of a long transient computation or to
continue a problem taken off of the computer in a previous run. A detailed
checkout print of all the thermal and flow terms is also provided as an option
to examine details of the input.
1
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This report describing the routine and its use Is organized into
four major sections. These inclule (1) Analytical methods, (2) Special
Routine Options, (3) Description and Use of the Computer Routine, and (4)
Sample Problem. The report is written so that the program user may read
through a narrative discussion of analytical procedures and options without
numerous cross references to specifics in the data preparation. In the data
preparation section, however, each input quantity carries a cross reference
to the applicable analytical methods description. The analytical methods
common to this and previous versions of the routine are described. The
sample problem is a very simplified model of an Apollo fuel cell cooling
loop for which the routine will initially be utilized.
la
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2.0
	 INTRODUCTION
During the past two years LTV Astronautics has developed a genera-
lized space radiator analysis computer routine for the Crew Systems Division
of NASA.MSC. The original program capabilities and computing options have
been broadened to provide a capability for analysis of complex space radiator
configurations and entire fluid cooling loops. Several versions of the
routine have been created to provide added capability for specific problems.
Such special. capabilities would make the routine too complex if included in
all versions of the computer program.
This report describes a special version developed from requirements
provided by the NASA-14SC Propulsion and * Power Division for analysis of the
Apollo fuel cell heat rejection system. The program includes two phase-two
component flow analysis-and multiple loop capabilities. The generalized nature
of the program makes it suitable for much wider application than the Apollo
fuel cell cooling system to which it will be applied initially.
2
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43.0	 ANALYTICA:, METHODS
This section presents the methods employed in the computer routine
for (1) thermal analysis, (2) convergence and accuracy of the analysis, (3)
fluid beat transfer, (4) fluid flow analysis, and (5) two phase flow analysis.
Each of these will be described fully in the paragraphs which follow.
3.1	 Thermal Analysis
Two separate methods of thermal analysis were programmed as options
of a single computer routine for predicting the performance of space radiators.
The methods are referred to herein as the nodal and the gradient method'of
l	 analyses. The nodal method provides for accurate transient or steady-state
analyses of radiators with any geometrical, configuration, and the gradient
method provides for rapid steady-state analyses of radiators with simple rec-
tangular fin elements. Both methods were developed for the analyses of pre-
scribed radiator configurations.
The capabilities and underlying assumptions for both the nodal and the
gradient method are outlined and the equations used for the thermal analysis of
the radiator structure witheach method are developed. Finally, a fluid element
beat balance common to both methods is described.
3.1.1	 Ncdal Method - With this very accurate method of steady-state or
anatransient thermal	 ysis, the differential equations which describe con-
vective., conductive, end radiative beat transfer throughout the radiator are
solved by a commonly used explicit finite difference approximation (reference
1). The radiator is divided into many individual lumps for the finite difference
solution, and a capability is provided to analyze the following significant
conditions which may occur in space radiators:
1. Different incident beat quantities for every tube and fin lump.
2. Three dimensional conduction in radiator fins, tubes, and
supporting structure.
3. Dissimilar materials and surface coatings.
4. Temperature dependent material properties including surface
emissivity and absorptivity.
5• Temperature dependent fluid thermodynamic properties.
The following simplifying assumptions have been made for the nodal method of
analysis:
1. The fluid thermodynamic properties are considered constant
within each finite fluid element, but may vary between elements.
29 Cylindrical radiator surfaces are approximated by small rec-
tangular segments.
3. Radiant interchange is not considered.
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These assumptions are judged to have too small an effect in most
environmental control system radiators to justify the added complexity of
1	 the analytical description required to include theme
The development of the equations used with the nodal method of
analysis will first be illustrated by a one-dimensional heat balance on a
typical radiating fin element. The resulting finite difference equation
is easily extended to include two or three -dimensional conduction into the
radiating fin element. A typical radiator tube element heat balance will
also be shown, and will later be used to illustrate the differences between
the nodal and gradient methods.
The heat balance of the radiating fin element of differential length
and unit width shown below can be written as:
	
dQE
	
dQR
dQx `o'" 	V
 
Is 	 .dx
	
x	 X+ Jx
dQs • dQX + dQE - dQR - dQx* dx
There:
Qs • heat stored in the fin element
QR • radiated hest flux
QE • heat absorbed from surrounding environment
a • fin thickness
By use of the Fourier heat conduction law,
dQx - d0zi. dx • ^ K UM $ dx
where:
dx	 d^
K • fin material thermal conductivity
Since K is a function of T only, aK . aK d T „ dK T 0 thus
49x OT x dT. CT x
dqx -
	 dx • K a "'^ dx + a 1 2	 dxax	 ^x) dT
Combining ( 3) and (1),
p c a dx fT • a K,. T dx + c(a X! 
2 
dK dx + t Qidx - t irT4dxa
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(1)
(3)
(4)
rWhere:
	 • fin material density
c • fin material specific heat
'1' s time
"^ = surface absorptivity for inc ,l.dent heat flux
qi • incident heat flux
E • surface emissivity
Q- • Stefan-Boltzmann constant'
Since closed form solutions of equation (4) with the appropriate
boundary conditions have not been obtained, numerical solutions using finite
difference approximations are generally employed. The radiator structure is
divided into lumps which are considered to be isothermal for heat capacitance
effects, and which are considered to have temperatures located at their
gecoatric centers (nodes) for conduction effects. The one-dimensional heat
balance for a typical radiator fin lump, s, shown below may be written in
finite difference form ass
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 .: •	 Usk ( T j-Ts) + cc s As Qs - E s cr As Ts4 (5 )
.
Rearranging:
To  s Ts +
	
Us3(T,-Ts)
 + ots As Qs - EscrAs
 
Tell
 ^6)
we s	 j
where:
we • x y • S •P • weight of fin lump (p is the density of the
fin lump material)
an • specific heat of fin lump s
5
s..a.,
sa
Ts • temperature of fin lump s at time 7'
Ts' • temperature of fin lump s at time 7 + AT
AT • time increment for next step in calculation u determined by
r
convergence criteria (Appendix A)
Usj • the conductance between fin or structure lump a and adjaceni;
fin or structure lwaps, j
l
1
U•, • Aw
wheret
Ys is that portion of the conduction path length
between lump s and j which lies in lump s
Yj is that portion of the conduction path length
between lump s and j which lies in lump J
Aec is the effective conduction area between lumps.
s and j (i.e., x 9 S in figure above)
Ks is the thermal conductivity of lump s
Kj is the thermal conductivity of lump a
Tj n temperature of adjacent fin lumps at time
Qs . incident heat flux on fin lump s
As • area of fin lump a (i. e., x • y in figure above)
dt s • absorptivity of fin lump a for incident heat flux
I
68 • emissivity of fin lump a
The finite difference heat balance of equation (5) is basically a
"forward difference" heat balance (reference 1) chosen because it yields an
explicit solution for the future temperature of fin lumps. The form of the
thermal conductance, Usj, with separate conduction distances and conductivities
for adjacent lumps serves a multiple purpose. First, since the conduction
distances are separate, the size of adjacent lumps may be varied. Secondly,
for comprehensive radiator thermal analyses which may include low conductivity
r	 supporting structure, the conduction paths in the different materials of
adjacent lumps can be accurately described. Finally, the evaluation of con-
'	 ductivities at the differs t temperatures of adjacent lumps approximates the
effect of the term	 T 9 Min equation (4 .'This approximate method of
6
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aaccounting for variable conductivity is judged to be as good as other methods
wbere a single conductivity based on the everege temperature of adjacent lumps
Is employed (reference 1)•
The inclusion of variable material properties is not intended to re- ►
move large errors from steady-state space radiator analyses. A previous in-
vestigation (reference 2) can be used to show that the error in beet rejection
Incurred by use of constant material properties is lose then 2% for the steady-
state auslysis of typical environmental control system radiating fin elements.
A somewhat larger error may be removed, however, by use of variable
properties for transient radiator operating conditions.
Althwgb the best balance of equation (5) is only for one-dimensional
best transfer, one, two, and even three-dimensional beet balances may be used
In the radiator routine. To do this, the numbers of adjacent fin lumps and
appropriate conduction distances (Ys and Yj) must be specified. Fin lump type
numbers are used to describe each fin lump. Lumps having the some dimensions,
conduction data, external radiation area ntnd of the some material may be desig-
nated as a single "type". This format reduces the required date input for many
problems. Radiator structural supports may be included in a thermal analysis by
adding another type of fin lump or by specifying a constant temperature, for those
lumps r& vesenting boundary cpndition supports.
A typical tube lump is shown below.
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Other types of tube lumps, in addition to isot2aersal lumps vbicb
completely enclose fluid lumps or lumps vbicb only conduct longitudinally,
can be accommodated in the computer routine. The three sketches below
Illustrate tube lumps used in peripheral subdivisions, tube junctions, and
juxtapositional tubes.
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The finite difference beat balance for these lumps is=
T^
wt
 at t...:^ ^ =Ptj(Tj -T,) uts(T.-T't ) + at As Qt - Et drAe Tt4
+ bf Af (Tr - Tt)	 (T)
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Rearranging:
Tt' : T	 U (T •T )+2 U (T •T )+ a A	 •E d- A T '^t+l^r
	 ^ t^ ^ t s is • t	 t •^ t e^
wtat	 + ht Af(Tf • Tt)	 (8)
where:
vt : AW .l .e t tube lump veigbt, where:
AW : tube lump longitudinal conduction area ( i.•. # tube
lump cross •sectionol area)
,Q z tube lump length
P = density of tube lump material
at : tube lump specific beat
Tt a temperature of tube lump at time
Tt ' : temperature of tube lump at time ?' •^• D ?'
time increment for next step in calculation as determine by
convergence criteria (P•ragrapb 3.2)
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Ut, : the conductance between tube lump t and adjacent tube lumps j
Aec 1
+
Kt	 K,
Am., is the effective conduction area between tube lumps
tandj
Yt is that portion of the conduction path length between
lump t and a which lies in lump t
Yj	 is that portion of the conduction path length between
Lump t and	 which lies in lump 4
Kt is the thermal conductivity of tube lump t
K, is the thermal conductivity of tube lump
Uts • the conductance between tube lump tp and adjacent fin or strut-
• tore lumps, s
Uts • Aso 1 , where:
Yt	 Le
— +
Kt	 Ks
' 9
10
,t
Yt is that portion of the conduction path length
between lump t and s which lies in lump t
Ys is that portion of the conduction path lenrtth
between lump t, and s which lies in lump s	 n
To . temperature of adjacent fin or structure lump s at time
Qt • incident heat on tube lump, t
Ae • tube lump external area
Ot t • absorptivity of lump t for incident heat flux
E t • eminsivity of tube lump, t
hf	 iuid convective heat transfer coefficient
Af • area for fluid convective heat transfer
Tf • fluid lump temperature at time ?"
For the case where tube lump-to -tube lump conduction involves only upstream and
downstream tube lumps,
 the term XTJt j (T j-Tt) in equation '(T) was further ex-
panded in terms of upstream and downstream tube lump values for use in the
computer rou♦inee The subscript to refers to the upstream tube lump and td
refers to the uownstream tube lump.
Y_ Ut j (Tj-Tt) • ALC _ 1	 (Ttu-Tt) + ALC -^ 
2 + 2 (T
td - TO)
:^ 2	 :Z
Ktu Kt	 Ktd Kt
02AIjC (Ttu - Tt) Kau	 +(Tt - Ttd) Ktd Kt
	
Ktu + 
Kt	 Ktd + Kt J
e
• 2 AIC Kt Ttu Ktu + Ad Ktd _ T ( Ktu + Ktd
k),e	
Ktu+Kt	
Ktd+Kt	
t 
KteXt Ktd+Kt
	
x
(9)
The inclusion or omission of tube lump to tube lump longitudinal
conduction was left as a program input option. 	 ;i
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The tube lump characterization is completely general as a result of
specifying a tube type number for each lump. Different lumps, having the same
dimensions, conduction data, external radiation areas, and of the same material
may be classed as a single "type" wbieb is specified separately from the lump
number.
A discussion of the convergence and accuracy criteria which determine
the size of the time step that can be used for transient calculations and the
size of the lumps into which the radiator must be divided is presented in
Pa re graph 3.2.
3.1.2	 Gradient Method - This steady-state method of analysis was developed
for rapid performance predictions of radiators with simple rectangular fin
geometries. The computation and problem setup time required for this method
are considerably less than for the nodal method because only the tubes and
fluid are divided into isothermal lumps. The beat transferred from the tube
lumps to the fins is determined from precalculated tabulations of fin base
thermal gradients. These gradients differ from those used with common fin
effectiveness radiator analyses because they apply for both adiabatic and non-
adiabatic fin midpoints. The removal of the adiabatic midpoint requirement
extends the usefulness of the gradient method to conditions where adjacent
radiator tubes are at different temperatures as a result of being sbut-off,
be::ng in different flow circuits, or because they are arranged in a eownterflow
pattern across Abe radiator skin. Severe variations of environmental beat influx
wbicb may also yield unequal fin base temperatures can be approximated in a step-
vise fashion across the radiator.
The assumptions underlying the gradient method differ from those of
the nodal method in the following respects:
1. Incident beat is assumed to be constant for an entire strip of
fin between adjoining radiator tubes. As withthe nodal method,
maya different incident beat  be used for each tube lump.
29 Fin beat conduction is assumed to be one d1mensionsl, therefore
longitudinal conduction in the fins is neglected. The conduc-
tion in the tubes is retained from the 4odal method.
39 The material properties are assumed to be constant within each
fin strip. However, for each fin strip, temperature dependent
properties are a function of the fIn base temperature or of the
base temperature multiplied by a factor which the program user
specifies.
^4. Temperature dependent fluid thermodynamic properties are used,
and as with the nodal method, they are considered constant with-
In each fluid element but variable between elements.
5• The radiator fins are assumed to be rectangular and of constant
cross-section.
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A typical radiator subdivision used with the gradient method is shown
below. The radiator fins are divided into large non-isothermal stripso but
the tubes and fluid are again divided into small isothermal luMs.
The finite difference heat balance of a typical tube lump shown
below is given by equation (10). 	 •
`e a-Aw T 4
Lump
^Ale Ase (T—T)
.^_
12
t
4
S
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dT + dT ^I
Tt = Tt + -p—°— c^—	 7- Ut, ( T, • Tt ) ♦ Kt A dx R #J + 0 As att t I J
• EtefAe Tt4+bf Af(Tf _Tt )
where:
dT	 the fin base thermal gradients on the right and left
dx R b L	 side of the tube lump
A	 : the cross-section area to be used with the fin baseg
thermal gradients
As with the nodal method of solution, each tube lump may have different
characteristics speeif+id by the tube lump type number. Those lumps with
the same dimensions and identical dimensions in adjoining fin structure may
be classed as a single lump type.
Equation (10) differs from equation (8) only in that the conduction
to the adjoining fins is now described by fin base thermal gradients to the
left and right of the tube. These gradients are determined separately from
parametric solutions of a fin beat transfer equation, and are not necessarily
equal in magnitude.
Since beat conduction in the y coordinate direction between fin
strips is assumed to be zero, the strips may be analyzed as separate rec-
tangular radiating fins with different base temperatures and environmental
influx values. For example, a different influx value for each of the 4 fin
strips shown above may be used, if required, to approximate an actual varia-
tion of incident beat on the radiator surface.
The differential equation defining one-dimensional beat transfer in
a simple rectangular radiating fin with constant influx has been established
in the literature (references 3 and 4). The equation and nomenclature used
herein are shown below.
2	 _
dx0 = No 
(e4 
%	 (11)
0	 s T where T is fin temperature
r	 Tb is fin base temperature (i.e., T ® X s 0)
ee = Te where T. is the equivalent tempevature of surrounding
Tb 	 space
X	 x where x is distance from fin base
r	 L is fin half width
No	 6E Tb3L2 where K is fin conductivity
K	 S is fin thickness
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This equation has previously been solved for an adiabatic boundary
condition at the fin midpoint. The resulting fin base thermal gradients were
then non-dimensionalized on the basis of ideal heat rejection (i.e., heat
rejection with the whole fin at the base temperature) to yield commonly used
fin effectiveness values. For the gradient, method of analysis, the fin base
thermal gradients were calculated by numerical integration of equation (11)
subject to boundary conditions of:
0a1®X•0
0 n Or®X•2
A Runge-Kutta numerical integration routine was used to determine
d9/dX at X • 0 for a range of 6e, Or, and Nc values. The gradients were de-
termined by assuming a value for dA/dX at X • 0, integrating to X n 2, and
comparing 0 at X w 2 with the desired value of Or. The value of dA/dX at
X • 0 which matched Or was obtained by successive iteration. The iterated
solution to the equation yields gradients at both ends of the fin, but only
the gradient at X • 0 was retained. The integration interval used between
X • 0 and X r 2 was .025.
The fin effectiveness gradients result for 9r • 1.0. The other Or
values, in addition to Or 0 1.0, yield a more general set of so? , itions which
apply for both adiabatic and non-adiabatic fin midpoint conditions. Figures
Al through A3 of Appendix A show the variation of the non-dimensional fin
base gradient with Nc, 0r, and 8e. For very low Nc values and high tempera-
tures at X • 2 (for example Nc n .10, Or • 1.50), heat will flow into the
tube to which the fin is attached rather than from the tube to the fin as is
normally the case. For a typical Nc n .50 and a severe Or of .60 or 1.501
the fin base gradient varies about 30 percent from the adiabatic midpoint
value. Thus the use of the more general gradients can remove considerable
inaccuracy by accounting for heat flow across the min midpoint.
Table Al of Appendix A lists the gradient values which have been
generated to date. These values are used as curve data since it is not
necessary to generate them specifically for each problem. Gradient values
outside of the parameter range of Table Al may be generated with a numerical
integration subroutine which is part of the program source deck. Since a
large number of gradient values have already been determined, it is recom-
mended that only new values be computed. on is program run, and that these
values be added to the existing set as expanded curve data for a separate
radiator problem run.
3.1.3	 Fluid Heat Balance
The energy balance on the fluid which flows through a tube lump is
common to both methods of solution. The energy balance is given by equation
(12) for the differential fluid element shown below.
i
hf Af (Tf - Tt )
Tf
J
•
•
.,
hf (WP )dY (T - Tt
 )
wcT
	 we (T+ T day)Y
I
Y	 Y + dy
ecACdy T .wcT - wc (T+ ^ Tdy) hf(WP)dy (T. •Tt) (4,2) ^
d ^'	 C) Y
where:
• fluid density
Ac • fluid cross-section area
^- a time
• mass flow rate
c n fluid specific heat
hf • fluid convective heat transfer coefficient
WP • tube wetted perimeter
Tt • tube temperature
The fluid temperature is taken as the mixed mean temperature, the
fluid specific heat and density are assumed to be constant and the fluid
conduction in the y direction is neglected in equation (125.
The finite difference fluid energy balt. ace is given in equation
(13) •
wfcf Tf -- Tf ' w Of (Tfu • Tf) •. hf Af (Tf •Tt)
	
&Y	 (13)
	
thus Tr^Tf + r
	
Of (Tfu - Tf) - hfAf
 (Tf - Tt)	 14
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where .
wf • weight of fluid in lwip f - Ac,
 
(k) (" ) where a is the
fluid density and	 e ` is the fluid lump length
c f • specific heat of flu i d iii	 l tuiip f
Tf • temperature of f 1 u i d at t. i ua
T? • temperature of fluid at, Litoo.
Wr . time increment. for ri;,xt (,!! Icxlation step as determined
• from convergence cr i CEriU (fgu tagraph 3.2)
s fluid flow rate
Tfu • upstream fluid lump Luilll>, vlktu r° e
y hf • fluid convective lay. to ta°e Aot'er coefficient
Af • area for convective la°:eat transfer
Tt • temperature of .ube l.urup which encloses fluid lump
nP	 Referenceq	 (s a frequently used approximate e uationEquation (l3) i	 4	 Y ,
I ) which yields an explicit solution for Ti .	 It Involves the approximation
that the fluid capacitance eff ect 1 a totuca on t,ho outlet fluid temperature
of the tube length X'.	 In writix^ equation ( 13), an isothermal tube wall is
also assumed so the temperature Tt is not located o f a node at a finite
r.
depth in the tube lump.
15 The fluid temperature, Tf, in tho term hl , Af (Tf - T) of equations
( 7 ) and (13) can be more accurata:ly repro twnted by Ce fu + `rf Ne	 However,
use of this latter form in equation ( 13) u1 so impoven an additional convergence
criteria (see paragraph 3.2) which reLii.rictti Af of the fluid lump.	 Since this
size limitation is not a practical rcquiremer ►t for all radiator analyses, be-
cause Af will have to be very small. for Sow flow rutes, the use of either
is (Tfu # Tf)/2 of Tf was left as a routine option:
.
r
	
	 The variation of the fluid properties with temperature is approxi-
mated by using properties in equation (13) which correspond to the tempera-
tures of the different fluid lumps.
341.4	 Calculation of Heat Rejection
The total radiator heat refection is determined by summing up fluid
i
	 heat losses in each tube. The individual tube heat losses are computed from:
Q • W (Hin - Hout)
where:
Q	 fluid heat refection
gin n enthalpy of fluid at radiator tube inlet
gout • enthalpy of fluid at radiator tube outlet
The program user supplies a curve of fluid specific heat versus
temperature. This data is integrated by a trapezoidal integration method
within the routine to provide an enthalpy versus temperature curve.
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3.2	 CONVERGENCE AND ACCURACY CHVII-111A
The heat transfer equations used in the computer routine described
herein are based on an explicit method of finite difference solution. With
this method, tho future temperatures of piny radiator fluid, tube, or structural
Imp are evaluated from the present temperature of surrounding lumps and the
thermal environment. The validity of LhIa type of solution depends on satisfy-
ing criteria for stability, oscillation, and truncation error minimization.
A discussion of these criteria and a review of the literature are presented
by Clark (Reference 5 ). Chu (Deference 6 ) also discusses convergence
criteria in the report on the basic routine from which the radiator analysis
v	 routine was derived. The pertinent points from both references are outlined
below.
3.2.1	 Stability
The term stability usually refers to errors in equation solution
that progressively increase or a►cciamtilate an the calculations proceed. After
a review of the literature, Clark concludes any explicit forward difference
equation will yield stable results for the future temperatures of any lump
if the coefficients of the present lump temperature are at least zero or have
the same sign as the other coefficients of known temperatures. Ch.z (Reference
6 ) also bases his convergence proof on the condition that the coefficient of
the present lump temperature be of the same sign as other coefficients of
other known temperatures. This sta ►bili^y criterion defines the size of the
time step to be used with the basic equations. Die equations used in the
space radiator routine for both techniques are rearranged below t4 show the
development of the stability requirement.
Nodal Technique - Equation (5) for Fin or Structure Lumps
/'
woos (,DTs) .	 Usk ( T j - Ts ) + asAsgs - Cod-To As
or
Rearranging,
	
a7	 3 .
' To • woc s	 Uo,Tj + a sAsQ® + Ts 1 - wec s 	 U. ^ + E o d- To 'As )
For the coefficient of To . to be positive,
0 wscs
fir• 7,Ue 4 + EsdTs3As
j
where 0 n convergence lactor (16)
c 1.0
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Nodal Technique - Equation (`) for Tube humps
Tt
wt et (.) .	 Utj(Tj " Tt) +	 Uts(Ts - Tt ) +act As Qt6r	 ,	 s
_ E t v` A® Tt 4 + hf Af (Tf Tt)
r
Rearranging,
Tt ' .
	 .^	 Ut, T, +F Ut ill's + a- t A. Qt + hf Af Tf	 +
^	 s
_ (	 Ut	 +	 Ut r + E t vM A. Tt3 + hf AfTt 	 [IW^ Q'T	 )t	 j 	 s
For theff	 ent of T	 to be	 ositivecoe	 ici	 t	 p	 ,
0 wt c t®r .	
where	 0 41.0	 (17Ut, +
	
Uts + E t°+Ae Tt' + hf Af
From the development above,it is evident that the use of (T fu + Tf)/2
instead of Tf in the convective heat transfer term will not affect the con-
€
vergence expression for 0?' because the coefficient of Tt is unchanged.
Similarly , the &Y convergence expression is the same for equation ( 10) of the
gradient technique because it only involves substitution of `the term
W
A	 [dT	 + d2'	 for the term 2:Ut9 (Ts - Tt ) in equation (7).
^	
a:L
R
Fluid IA=p - Nodal and Gradient Techniques - Equation (134
(Tf' - Tf)wf cf	 . w e f (T,,ru - Tf) - hf Af (Tf - Tt)
or
Rearranging,
Tf' •	 w of Tfu + hf A f Tt	 + Tf	 1 - Q.^.r.^ (w c f + hf Af!	 f	 f' f
For the coefficient of the Tf to be positive,
pr •	 w f cf	 where 0 4 1.0	 (lg )
V cf + hf Af
If Tf is replaced by (Tfu + Tf)/2 in the convective heat transfer
term for greater solution accuracy the convergence criteria for aT
	
changes,
and another limitation on the size of the fluib lump is required, as shorn
below.
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(Tf T jr)	 T;ru + TfWf Of T 
t
W Of (Tfu - Tr)	 hf
 Af ^
	 g--	 -	 )
hf Af
Tf	 0 rl-'t ( hf Af ) + Tru 	 A T	 c	 +v	 #	 V c
	
2--)jr—
f	 f	 f	 f
Tf	 1 -	 (4 of + 
hf Af
w
ar
 f Cf	 2
For the coeffici, -at Of Tf to be positive,
0 Wf Of
Vlq	 where 0 -c 1.0	 (19)
w Of +	
2
Furthermore, for the coefficient of Tfu to be positive#
hf Af W.	 , 
4-1 f2
or
2 * Of
Af	 (20)hf
This places a restriction on the size of the fluid lump to be used in the
radiator routine.
	 Since it may not be practical to meet this restriction
for all radiator problems., the use of averaged fluid temperatures is left
as a program option*
During nodal problem solution, time increments for fin lumps
	 tube
lumps, and fluid lumps are computed with the equations given above and the
smallest of the three time Increments is used for all T' calculations.	 In(' a gradient problem solutlon , the smaller of the time increments for the fluid
and tube lumps is used.	 The routine uses a 0 of 0.90 unless otherwise
specified.
3 .2.2	 Oscillation
Even though a solution is stable, it may oscillate around a correct
mean value.	 To eliminate this undesirable oscillation, Clark (reference
reconmends that the calculation time increment based on the stability criter-
ion be further reduced by a factor of 1.5.	 It should be noted that this re-duction may not suffice for all cases since the oscillation depends strongly
on the size of space increment and the problem boundary conditions.
	 In setting
0
19
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up the basic routine from which this space radiator routine was derived, Chu
used a factor 1.11. The space radiator routine will also employ this factor
unless otherwise specified by the program user.
1$
	
3.2.3	 Truncation Error
The truncation error in the routine solution results from replacing
derivatives with finite differences. In order to provide a measure of the
accumulated truncation error, results for smaller time and space increments
(subject to stability and oscillation criteria) should be compared. Chu
recommends halving the space increment ar.°: quartering the time increment to
obtain an ontimate of the error in a numerical result. In general, an in-
vestigation of truncation error must be made by changing lump sized for each
type of problem to determine the maximum size of isothermal lumps that can
be used for a valid solution.
The truncation error has been shown to be of the form A + B,
(Reference 5 ) where A is proportional to the time increment and B is pro-
portional to the square of the lump linear dimension. LTV experience in-
dicates that time truncation error (A) is relatively small (b 3 percent) if
the time increment satisfies the stability, criteria. The spatial truncation
error (B) can be evaluated at steady state. For typical radiators and segments
of radiators, changing the number of lumps along the length of the tube from
20 to 10 causes less than 0.2 percent difference in heat refection (Reference
7 ). Further reduction to 5 lumps along the tube in the analysis of large
radiators also appears to have only a slight effect, but no direct comparison
is available. A comparison of two and four fin lumps between tubes in the
analysis of large radiators with high fin effectiveness shows about a 2 per-
cent difference in heat rejection, even though the fin temperatures are con-
siderably different. These results are subject to variation due to radiator
design differences.
	
3.2.4	 Steady State Shutdown and Jump Ahead
Since the computer routine uses a transient approach to steady
state conditions, a shutdown criteria indicating that steady state has been
reached must be specified to terminate a run. Experience gained during the
program showed that most problem solutions have reached steady state when
the temperature change of every lump between successive calculations for To
wam less than .0001 to .001 percent of the lump absolute temperature. How-
ever, since the temperature change between successive calculations is a funrw
tion of the minimum time step for convergence, which is in turn a function
at lump size, it was decided to allow the program user to specify the steady
state shutdown as part of the routine data input.
When transient problems are being considered, equilibrium conditions
may also be achieved at intermittant points (such as on the dark side of the
moon in a lunar orbit analysis). To conserve transient analysis computer
time the criteria for steady state conditions is considered at every itera-
tion. When every temperature satisfies the input criteria a transient pro-
blem will be considered at steady state. In such an-event the iteration
process is terminated and problem time is jumped ahead to the next point at
20
.
i. t
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which any time-dependent curve change wcuru whorcupo a ittautluris fire con-
tinued. This option permits exclusion of lox-44 periods of calculation in
mission arAlysis where the system is at steady state, thus shortening calcula-
tion time. The option can also be utilized to analyze several successive
ti
fiteady state conditions in one submission oz' #.riowient: data since the problem
vill jump ahead after reaching equilibrium at c. .h i ritejrtAttarit coi,diiiun.	 i
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3.3
	
FLUID HEAT TRANSFM COEFF'ICM, \IT
Commonly used equations for determining both laminar and turbulent
flow heat transf er coefficients were programmed in the computer routine.	 An
 
investigation of the basis for laminar flow heat transfer coefficient equa-
tions was undertaken since a majority of space radiator flow conditions are
in the laminar regime.
	
It was found that both experimental correlations and
theoretical equations for laminar flow heat transfer coefficients can only
be applied with considerable approximation to the flow conditions in space
radiators.	 It was decided therefore to let the program user specify a
factor in the data input which modifies -the heat transfer coefficients de-
4 termined by the equations within the routine. 	 This provision not only permits
studies of the effect of heat transfer coefficient variations, but also pro-
vides a method for specifying non-circular duct coefficients. 	 The performance
of space radiators is not dl.rectly proportional to changes of fluid heat trans-
fer coefficient.	 In general, if the path between a radiator fluid temperature
and an equivalent temperature of space is characterized by the resistance of
an internal heat transfer coefficient and the resistance of a radiating fin,
the former will be found to be quite small compared to the latter. 	 Thus,
appreciable changes in fluid heat transfer coefficient may affect tha net
radiator heat rejection by only a smalldegree. 	 This fact, however, does not
Ell, permit gross errors in heat transfer coefficients if accurate radiator per-
formance predictions are expected.
3.3.1	 Laminar Flow
Both the thermal entry length and the fully developed flow regimes
IT
must be considered to properly evaluate a laminar flow heat transfer coeffi-
_
cient.	 The thermal entry length region is usually considered to include
those values of (1/Re Pr)(x/Dh ) below . 050.	 The portion of total radiator
length in the thermal entry region may vary from the entire radiator length
for higher fluid flow rates and higher fluid temperatures to only a small per-
centage of the total length for radiators with low flow rates and low fluid
temperatures.
The theoretical solutions which have been obtained for thermal
^- entry lengths are frequently based on boundary conditions of either constant
tube wall surface temperature or constant heat rate per unit of tube length.
These solutions are also formulated under the assumptions of constant fluid
properties and symmetrical heat transfer around the tube periphery.	 In addi-
tion, many of the solutions only apply rigorously if a hydrodynamic starting
length is provided because the flow is considered to be isothermal with a
fully established velocity profile at the tube entrance. 	 Results are shown
in Figure 1 for both local and mean Nusselt Numbers obtained by the Graetz
solution for circular tubes with uniform surface temperature under the
assumptions outlined above (Reference 8).
The solutions exhibit an asymptotic approach to a fully developed
flow Nusselt Number of 3.66. 	 The local Nusselt Number has reached the fully
developed flow value for (Re Pr) (Dh/X)< 20. The local Nusselt Number is
employed to arrive at local heat transfer coefficients for the tube lump
tcommonly
heat balances in the computer routine, whereas mean Nusselt Numbers are
used for overall heat exchanger calculations.
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The use of theoretical solutions based on the assumptions of constant
fluid properties can introduce errors for fluids where viscosity is a strong
function of temperature. Yang ( Reference 8a) and Deissler (Reference 9),p among
othere, have considered the effects of variable properties on fully developed
and thermal entry length solutions. The Nusselt Numbers, in general, fall
below the constant property solutions for cooling and above the constant pro-
perty solutions for heating. The effects of variable viscosity reported by
Yang for uniform wall temperature can be approximated by multiplying the
constant property Nusselt Number by (/C b/,a w)0.11 (where A b is Zluid viscosity
evaluated at fluid bulk temperature and luw is fluid viscosity evaluated at
tube wall temperature) for both heating and cooling conditions. Deissler
(Reference 9) recommends use of the empirical correction of (/&b //,iw) -14 for
fully developed constant heat rate solutions.
The analyses of References 8 and 9, like most other theoretical
solutions, were derived for conditions of symmetrical heating or cooling
(i.e., the derivative of temperature with res ect to tube radius is zero at
the tube centerline). Reynolds (Reference l0^has shown the type of variations
in Nusselt Number which can be encountered for non-uniform peripheral neat
flux. For thin-walled tubes attached to the backside of radiating surfaces,
theoretical equations derived for symmetrical heating must be regarded as
approximate for predicting heat transfer coefficients.
The analytical solution of Graetz which was extended in Reference
( 8) is programmed to determine heat transfer coefficients in the laminar
entry length region. The coefficient approaches the appropriate steady state
value as large lengths QN RePrDh/20) are attained, thus the equation is
also used for fully developed heat transfer. The equation is:
	
=2 nc X	 .14
hf	
RePr-^
a Kf 2An a	
I'Aw
GIb (F )
An	 -2 ^n X 	 1
L.. 2 e R Pre	 Dh
^► n
(16)
where:
hf s convective heat transfer coefficient
Kf s fluid conductivity
Dh • tube hydraulic diameter
An • coefficients eigenfunctions (Table 1)
^ n • eigenvelues (Table 1)
X s distance from tube entrance
Re n Reynolds Number
Pr s Prandtl Number
t`b n fluid viscosity evaluated at fluid bulk temperature
,4w s fluid viscosity evaluated at tube wall temperature
F1 s data input factor
24
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hf • .023 	 [
Dh	 w
(Re)* 8 (Pr )1/3 (17)
Yrhere
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In selecting the heat transfer coefficient factor (Fl)it should be
remembered that a Nusselt Number of 3.66 applies for
1. Constant wall temperature boundary condition.
2. Circular ducts.
The constant wall temperature value is pessimistic since the actual
E	
radiator Nueselt Number will probably lie between the constant wall tempera-
ture solution of 3.66 and the constant heat rate value of 4.36. The circular
duct value of 3.66 should be appropriately modified by (F1) for non-circular
tube configurations.
`
	
	
The entry length heat transfer coefficients are considered at the
entrance of each tube in complex flow systems such as those which will be
discussed in 1 ,aragraph 3.4.3•
3.3. 2 	 Turbulent Flow
A commonly used equation for turbulent heat transfer coefficients
was programmed directly without a detailed investigation of the underlying
assumptions. The correlation of equation (17) 0 recommended in Reference 11.
is used to determine heat transfer coefficients at Reynolds Numbers greater
than 2000.
i
hf • convective heat transfer coefficient
Kf a fluid conductivity
Dh n tube diameter
/ b n fluid viscosity evaluated at fluid bulk temperature/44W a fluid viscosity evaluated at tube wall temperature
Re • Reynolds Number
Pr a Prandtl Number
In turbulent flow the undeveloped region of heat transfer is short
( ti 4 diameters) such that for most cases it will constitute only a small
portion of the total internal heat transfer region.
M1
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3. 4	 FLOW SYSTEM ANALYSIS
This section includes a description of the methods used for (1)
computing incompressible fluid pressure losses, (2) analyzing simple flow
systems with tubes in parallel, ( 3) analyzing complex parallel/series sys-
tems with manifolding, (4) analyzing flow rate as a function of pressure
lose, and (5) computing pumping power. The description of pressure lose
^m	
calculations for two-phase flow is given in paragraph 3.5.1. For all sys-
tems involving parallel flow paths, the flow rates which give balanced
system pressures are determined after each temperature iteration and these
flow rate values are used in the thermal calculations for the next temper4-
ture iteration.
3.4.1	 Fluid Pressure Loss'
The flow system pressure loss for those portions of the system
involving single phase incompressible fluids is calculated by the usual
Fanning equation with a dynamic head 1
 lose factor (9?) added. The pressure
loss for each fluid lump is calculated by:
2	 V2	 .2	 iQ P• 4 f 'Q .Q.V +N	 • , w	 fWP +Oh (18)Dh 	2	 2	 2 ejAC2
•4here
(w	 f	 • friction factor • 16/Re for Reynolds Numbers less that 2000
i	 and is read from input data for Reynolds Numbers greater
than 2000
Q • fluid limp lc:; ngth
n number of fluid dynamic head losses
w	 n tube fluid flow rate
WP • wetted perimeter
AO • fluid cross-section area
Dh
 • tube hydraulic diameter • 4 AC/WP
P " fluid density
V	 n fluid velocity
-.14
Two additional terms F2 and (,U b404  were added to equation (18)to acco),nt for non-circular ducts and non- isothermal flow:
Q P • w^ f (WPW F2 (/4 b1A w).14 +  	 (19)
2AC2	ACe
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E*n n -avg ( ►^ )
n
n
I
n = number of radiator tube
1
•
where:
F2
/Ub
n pressure lose factor for non-circular ducts, is 1.0
for circular ducts
n fluid viscosity evaluated at fluid bulk temperature
/cw n fluid viscosity evaluated at tube wall temperature
The fluid lump type cards provide for inputs of (X) which can be
dif:erent for each fluid lump type. Me term is used to account for pressure
losses in tube entrance regions, bends, contractions, and expansions. Entrance
pressure losses for varying duct geometries (Reference 12-) may also be
specified by M.
3.4.2	 Parallel-Flow
The term parallel flow is used herein to refer to systems with
simple sets of tubes arranged in parallel as shown in Figure 2 . The tubes
do not have to be the same diameter or length. The tube manifolds are not
included in the analysis; the system inlet temperature and pressure are
supplied to the entrance of each parallel flow tube. The flow rates which
give equal pressure losses do not involve any fluid outlet manifolding. A
mixed fluid outlet temperature is computed by using flow rates and enthalpies
of each parallel fluid stream.
The pressure balancing subroutine is called after initial flow
rates are read from the data input before the first temperature iteration is
made and after each successive temperature iteration. The individual tube
pressure lc,sses are calculated and compared. If the pressure losses differ
by more than 0.1 percent, the individual tube fluid flows are adjusted by
the equations shown below, and the comparison is repeated. No advance in
time is made until a pressure balance is obtained.
w1 ^_-P= ^^l) r
41 pl
ir2
	^^ 
P
aav (w2) etc- to
0 P2
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wt n l^  ^r
n
.q n Y *1
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T ti' (^tl)	 ^2	 pt (^)etc. to
• r (WD)	 n • number of radiator tube
^It 	 r
whores
• individual tube fluid flow rates. Prime values are
intermediate calculation numbers and double prime values'
are the assigned flow rates for the next pressure drop
calculation.
Q Favg • the arithmetic average of all individual tube pressure
drops.
subscripts 1 through n denote parallel flow tube numbers
ae	 for flow rate and pressure drop.r
(	 3.4.3	 Hanks and Headers Flow
tr
The banks and headers option permits analysis of combinations of
parallel and series flow in general networks. The name is derived from
"banks" of parallel flow paths and "headers" or manifold arrangements. To
aid in discussing the use of the option certain terms require definition.
First a "feeder" (referring to Figure 3 ) is the single inlet or exhaust
tube of a manifold. A "bank" of pipes is the portion of flow network be-
tween the inlet and outlet manifold. A "manifold is the system of tubes
separating or joining the flow from or into a feeder. For analysis, mani-
folds are subdivided into tubes. A tube or segment is the largest sub-
division in a network in which the flow is the same; hence, is the portion
of a flow path between two tube junctures. The tubes are subdivided into
lumps to provide, for thermal considerations of fluid flow. When the banks
and headers option is used, there must be two tubes per bank minimum and
at least four tubes per system. Two portions of a flow line cannot be called / 	 J
two tubes in series due to the definition of a tube.
The present routine does not permit tubes of a bank to connect
into the manifold of another bank which is arranged in series with the first
bank. Each tube in P. bank must rejoin the feeder connecting two series
banks. Figure 3 shows schematically the arrangement which is thus not
permitted.
The flow rates in a general network must be determined so as to
(1) preserve flow continuity and (2) balance pressure drop in the various
parallel sections of the network. The flow rates which satisfy these re-
quirements are determined by solving a set of simultaneous equations. The
pressure drop is linearized to be proportional to the flow rate of the
previous iteration,or problem input flow rates,and the equations are set
up and solved for new flow rates. Using this set of flow rates the pressure
(t
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balance is chocked. If the pressures are not balanced s new pressure drop
per flow rate is used to resolve the simultaneous equations until a pressure
balance is achieved.
For problems with laminar flow and no (%) losses, only one solu-
tion of the simultaneous equation at each iteration is required. If the
flow is turbulent, or if X loaeee are high, successive solutions of the
equations will be required. The new flown are adjusted to the average of
two successive equation solutions to provide for rapid convergence. Any
problem will be terminated by the routine if a pressure balance is not ob-
twined after solving the simultaneoua equations twenty times at any one
iteration.
The pressure drop per tube is computed from the sum of the pressure
drops of the lumps in the tube. The equations for flow rates are set up as
shown below for the flow oyetew in Figure 4 . Only three tubes many join at
any one point. When several tubes are wanifolded togetherp "dummy' short
tubes must be inserted. There are seven flow rates for the system in Figure
4 requiring seven equations. These area
(1) *1 • known value
^3 • *4 + w5
*6 " *2 + *5
(2) w7 ' 44 + *6
aP2 •pP3'`pP5
A P4 • O P5 +A P6
The last two equations are linearized by dividing the Q P of the
tube by , the flow rate to give the coefficient of flow rate, A.
A2 w2 • A3 
*3 
+ A5 
*5
A4 *4 • A5 *5 + A6 w6
The first equation of the set (1) and the equation for the flow continuity
into the last tube (2) &we not considered in the solution because they are
known. The others are written in the forms
31
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W2 + W3 	• *1
a3 - W4 - 05	 • 0
*2	 - w5	 + w6	 = 0
A2K2 - A3*3	 .- A5w,	 n 0
A4*4	 A5w5 - A6*6 . a
t
1	 1
The matrix of coefficients	 is written from these equations as:
	
1	 1	 0	 0	 0
	
0	 1 -1 -1	 0
	
^j r -1	 0	 0 -1
	
1
A2 -A3 0 .-A5 0
	
0	 0	 A4 -A5 -A(
The equation ^ * a C is solved by determining A" 1 and results in:
C
3. 4.4 	 Flow Rate Versus Pressure Loss
For many flow systems pump characteristics determine syti :,em flow
rate as a function of pressure loss. The routine provides for data input of
pump A P versus W characteristics. If this option is vsed, after each solu-
tion for pressure balance a flow rate for the total system pressure loss is
determined from the pump characteristic curve. If the flo g rate is within
0.1 percent of the flow ram used for the pressure balance the next tempera-
ture iteration is made. If the flow rate is out of tolerancep the average
flow between iterations is used for successive iterations until a match point
is achieved.
3• x .5
	
PMinng Power
For radiators with a series flow arrangement, the total fluid
pressure loss will be the summation of fluid lump Q P's for a single tube.
For parallel flow arrangements, a flow balancing procedure shown in paragraph
3.2.2 is employed to insure equal pressuro drops in s]. radiator tubes.
4• y
The fluid pumping power requirement is based on the frictional
and dynamic head pressure loss of the fluid. The pumping power is calculated
for each tube separately and totaled for parallel flow radiators. The
following equation is used to calculate pumping power.
(
 e 
f)
avg	
vg	 Number of fluid lumps
per radiator tube
• pumping power
^► 	 fluid flow rate
( P f)
avg • average fluid density
P • pressure loss between, inlet and outlet of radiator
tube
I
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V	 3.5	 TWO-PHASE FLOW ANALYSIS
Prediction of two-phase condensing flow in a space radiator and
heat exchanger requires a suitable analytical model. An analytical model
describing the phenomena of condensing heat transfer in the presence of a
non-condensible gas is described in the paragraphs which follow. The de-
scription includes (1) a flow model, (2) the heat and mass transfer rate
equations and (3) the energy equation and method of solution.
3.5.1	 Flow Model
Two-phase isothermal flow in a pipe presents the problem of de-
termining (1) the pressure drop and (2) the amount of liquid contained in
a portion of the pipe. A correlation was developed in Reference 13 in
which the pressure drop of each phase was considered equal; and correlating
parameters were derived from relations governing the pressure drop of each
of the phases as if it were flowing alone. The choice of correlating para-
meter is dependent on whether the gas and liquid flow is turbulent or laminar
in nature. The liquid flow in radiators and heat exchangers is expected to
be laminar so only laminar liquid with laminar gas and laminar liquid with
turbulent gas is considered. The correlating factors are denoted XT and XL
and are defined as:
-o.8	 [c	 •XT n (Reg^	 16	 [ L	 (turbulent gas)Le	 / z g wg
x n C L	 g ;rLL	 ^.._ .^ _ (laminar gas)
g e L wg
where
Reg n superficial gas Reynolds Number, 4 *9
4P
^g
Cg n gas density
eL n liquid density
	L n liquid viscosity	 1
Pg n gas viscosity
wI, n liquid flow rate
w^ n gas flow rate
The amount of liquid i ^ 1e
	 is defined by the relation
" 4ACL
7r(DhL)`'
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where
0( • area ratio
ACL 
n liquid cross-sectional area
DhL n liquid hydraulic diameter
If the wetted perimeter of the liquid is the tube perimeter
D	 Ah n
WP
where
WP n wetted perimeter
and
	
r	 a n CwP 2 . ACT
ACL	 AC
L
where
ACT . cross- sectional area of tube for flow
This relation ehows that as long as the liquid film wets the entire perimeter
	
F-7	
that CX uniquely determines the liquid cross-sectional area, regardless of
 the flow type (i.e... slug, annular, or wavey annular).
The pressure drop is related intimately to the values of a and the
perimeter/<. In the analysis of Reference 13, the pressure drop in two-
phase flow is greater than that of the gas phase flowing alone by a factor
of 9$2. The value of 0 2 from that analysis is determined from the equation
a 1 +f G- 9(T	 Reg > 2000
n ax	 Reg < 2000L 
The value of q6 being determined from only lk and x implies that a unique re-
lation between ocand x will also determine the pressure drop. The turbulent
flow correlation of ac versus %T of Reference 13 is programmed into the
routine and is shown in Figure 5.
With both laminar gas and liquid, a simple analysis may be performed
to determine cy-
 
and q6 . The Wavier-Stokes equations may be solved in two
regions, (1) a core and (2) an annulus, with the following assumptions and
w	
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boundary conditions.
e	 Assumptions:
(1) Both regions have equivalent pressure drop
2 Steady state, developed flow profiles are assumed
(3) Both phases are laminar
Boundary Conditions:
1 Zero velocity at tube radius
2 Symmetrical flow
3 Velocities at region interface are equal4 Shear at region interface is equal
This problem results in a solution for 44 in terms of,ZL with the component
yiscosity ratio as a parameter. The equation is:
0 2 • a2 ZL and a2 . 1 +1-2 1-^6 /U -	 +
OE	
L 1
L	 4L	 L-
k
4
Due to the characteristically high gas velocities, the flow con-
tinuity for the gas is determined by assuming that transient changes in the
gas flow rate are propagated through the length of the tube in one time
increment rather than one lump per time increment. At each node, the gse
mixture flow rate is depleted on the basis of the most recently determined
condensation rate at that node. Denoting the lump position by an integer
subscript and the time by an integer superscripto this is:
w i+l ^ w i+1 A * i+l
gi	 gj-1	 L^
where
i wL	 condensation Late
[	 The condensation rate, d *L may be written as:
wL = K. A'HT ( Pb - P-)
1+l	 1+l
Thus wgj = wgj-i + Km ART Ps - Km AHT Pb
where
Km = mass transfer coefficient
ART area for heat transfer
Ps = vapor partial pressure at the condensing surface
Pb a bulk vapor partial pressure
Y
^` a
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Pb may be written as:
	
FO	 (w6 w© 1 Pb
s / + MWR s g 'lo^" jT?—"—Two
where
Y/ = specif is hwvidity of gas
s
wo
wg = total gas flow rate
wo • non-condensible gas flow rate
P d total gas pressure
s ratio of eondersible molecular weight to non-condensible
molecular "eight
The above relation for Pb is substitited into the equation for
A*L
 and an expression for *g results:
wg 2 QB + QB2 + RA
where
QB e 1/2 1( ]M R-1 ) wo-wre ^-1 - KmAHT Ps + ?6k4 ' Pg  w8
RA • Ng j-l (MWR -1 )wo 4. KMAHT Ps (MWR-1)*o + KMAHT Ps *0
The above relation will give good results for values of Ps near
Pb. However, there are some conditions where it gives unrealistic resi.Llts.
To prevent this from occurring, a limiting condition was placed on wg. This
limit prevents *9 from being larger than that required for the gas to be
saturated under evaporating conditions, and smaller than that required for
the gas to be saturated under condensing conditions. The limiting erg, wgsat )
is given by:
w	 =w 1+WRPsTggsat	 o	 P T - Ps T8 s	 6
An attempt to simulate a precise transient liquid continuity equation during
the development of the r,)utine was not successful. The transient liquid
	
continuity equation is:	 j
C) x	 L	 L dr	 -5 x L	 I, T 0(
In difference form, this equation is, with position denoted by subscript and
time by superscript,
1+1	 i+1	 i•1	 i
wLJ" ' *LJ _ + A KL .. e L AC-T	 a ^	 a	 0
L1 x A	 (--.	 ----- G---- ,--
38a
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+ 1
4With a determined using the corre.LaLion of (x versus X , the right hand
t6rm causes an instability, especially when the time increment is shortened.
Because of this difficulty an approximate form of the continuity equation
was adopted. Symbolically, this is written
i+ 1	 1	 i i
wLJ n 	 WL j -1 +° ( 1 - (r ) *LJ A p wL j
	
^(	 d 2.
	
^ n velocity ( n 1,	 ;Li.^. 
AC
The value of d' is the fraction of lump length the fluid advances during the
time interval. This equation seems to be satisfactory and not susceptible
to instability.
3.5. 2 	 Heat and Mass Transf er Rates
The heat transfer coefficient equations of paragraphs 3.3.1 and
3.3.2 were used for laminar and turbulent gas heat transfer coefficients in
the two-phase flow characterization.
Mass transfer rates are based on an analogy of heat, mass, and
momentum transfer proposed by Colburn (Reference 14 ). This analogy has been
subjected to a number of verification tests, which in general., show its validity.
Two of these tests, for the case of condensation within a tube, may be found
in References 15 and 16. The results of these tests bear out the analogy
for both turbulent and laminar flow. The equations used to determine the
local coefficient of mass trarsfr:r ; Km, are:
-2 A n2 x
Pg 2 An exp D Re. Sc
Km 
n DhRvT 
mFg	 An	
-2 2 x (laminar)
eXp	 n
n2
	ID R
eg
02 ^ Yg	
.8 1/3
Km n 	 3	 Re Sc	 (turbulent)Dh v'^ g
where
o& n diffusion coefficient
D n tube diameter
Rv n vapor gas constant
Tg n gas temperature
Pg n gas pressure
Pb n bulk vapor partial pressure
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rPs • vapor partial pressure at condensing surface
Pm • Pb - Ps logmean pressure of non-condensible gas
log p-- 8 , pe
Pg - Pb
X • distance downstream of condensation origin
Sc • Schmidt number of gas
ty
The film coefficient relating heat transfer through the liquid film
adjacent to the wall is not directly measurable when condensation occurs in
the presence of non-condensibles. The thickness of liquid film is a dynamic
problem depending on the properties, etc., as is the pressure drop determina-
tion. The dynamic forces on the film should be independent of whether the
gas is a pure vapor or mixture. Due to this dynamic similarity with con-
densation of a pure vapor, it is postulated that the film coefficient should
be the same for both cases. Many correlations have been derived from experi-
mental data of condensation in tubes. From the correlations available, the
cne judged most appropriate is that of Reference 17. In spite of the re-
latively wide range of experimentation for which the correlation pertains,
the thick films encountered in low velocity flow may fall outside of the
range r-2 applicability of the correlation. To check this condition, the
routine computes the film thickness in order to print a statement that the
prediction is out of the range of correlation. The equation used for the film
c oef f is ient U is:
K	 1/3	 1/6	 1/5U • L 13.8 (PrL ) 	 Rev
	
for Rev 20, 000
Dh
	CFL Tg-Tw
1/6
U •KL (.l)(PrL)1/3	 -	 Re 
2/3 
for Re > 20,000
	
Cp
 (Tg Tw)
	
v	 v
Dh 	 L
4 w	 1/2
Rev •	 { P)	 „P L	 1000 < Rev < 100, 000^L Pg
where
KL • liquid thermal conductivity
PrL • liquid Prandtl Number
X n latent heat
CPL • liquid specific heat
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The heat transfer, mass transfer,, and film coefficients dAttermined
above are used in the following equations:
The heat transfer rate from gas to liquid (or tube 1.f condensation has not
begun) is
Q • hfAHI' (Tg-Ts )
where
Ts @ surface temperature
AHT . (WP) (,Q') when liquid is present
A* • data input from tube when liquid is absent
The heat transfer by condensation is
QL(latent) a Km AFiT X (pb- Ye)
where
AjjT •	 (WP) (J")
The heat transfer through the liquid film is
Q • U Ah"T (Ts-Tw )
where
AHr . data input from tube data
3.5. 3 	Energy Equations and Their Solution^.r
The general form of the energy conservation equations are written
for the gas and liquid lumps as
energy storage rate a convective net influx + heat transferred
into lump + latent heat aged.
The gas lumps have only one heat transfer source, the surface of tube or
liquid, whichever is applicable. The term "latent heat added", is zero and
the equation is similar to equation (13) of paragraph 3.1.3.
wgCp9 411	 w^p6 (Tupstream ' Trump ) + hfAliT (Ts - Tg )
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Denoting the lump position by an integer subscript and the time by an integer
superscript, the explicit difference equation may be written
1+l	 1	 1	 i	 i	 1
Tj a Tj + w ^	 *gDp (T^-1 ' T^) + hfAH:V (Ts - T )
The liquid lumps have heat transfer sources as the gas the tube wall, and
the "heat added" is the latent heat rate. Tte mxplici.t equation is, assuming
energy to be stored at the lump surface temperature,
TJ+ - • f ii	 +
I
OLCPLp
(Ts,it - Ts j 4 ) + MART ( Tg,-T:, )
+ U AH2 (Tw, - Ta, ) + QL
It id known that the time increment (Q ?" ) must be limited for the
successive iterations of the above equations to remain stable (paragraph
3-r.".1). The commonly applied criterion is to have the coefficient of Ti
ecnstrained to be positive. When using this approach to determine the
maximum allowable time increment,0'Ypa problem is encountered. The latent
heat transfer exerts a large influence on the stability which is not con-
tained in the expression for temperature calculation.
To express the effect of latent heat on the stability requirement
the following is considered. During one time increment the net heat addition
cannot be so great.that the temperatures achieved in one iteration would
cause a reversal in the direction of net heat flow. For condensation, this
implies that the latent heat addition should never be sufficient to cause
the liquid surface temperature to exceed the gas dew joint temperature. The
latent heat rate can be expressed as if it were sensible heat transferred
from the gas clew point temperature as follows.
Q
QL R DP-Ts TDP ' Ts
K.AM n -1b
 P^
  p®^. ( TDP-Te )
TDp • dew point temperature of bulk gas
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1
The points ( pb, TDp ) and ( ps,  Ts) both lie on the vapor pressure versus
temperature saturation line. On this line the slope of the line may be
expressed using the Clausius-Clapsyron equation (Reference 18).
..C) p •	 X
^T 
T —
 
^le^
If the liquid volume is neglected compared to the gas volume, and the gas
volume is calculated using an ideal gas relation (error < 5% for T < 250OF
for H20)
1
0 '1'	 o + Rv T2
Substitution into the equation for QL results in	 j
2
QL n Km AHTp b (T -T )Ry	 DP s
iIf the coefficient of Ts,, namely
No A 	 A2 PbM
is added to the other coefficients for the determination of 61, for liquid
u	 lumpa, the resulting ©Tie
L1 a 
a WLCPL a
*LCpL + hfAHT + U Ayr + Km AHT 2 Pb
RV 62
where
0 n convergence factor < 1.0 (see Paragrepk. ^. ,
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'Phis constrains the surface temperature to greater or lees than the dew
point temperature, not both on one iteration.
During condensation, in any one increment vapor is extracted from
the gas. The entering vapor rate may not be great enough to replenish this
for long fluid lumps, resulting in a vapor pressure reduced below the pressure
to which mass transfer had occurred the previous iteration. Hence, the lump
lengths must be limited. An equation was developed which, a priori, would
allow the user to select a value of length less than that value which would
produce the above mentioned situation. The derivative 6 Pb/ c) (16 wL)
can be evaluated from purely thermodynamic considerations. The & *L is
simply QL/A in a lump and is roportional to ( P - P, the driving
dpotential. When	 Pb/ 0) ( p L	
s)
exceeds (Pb - Ps)/ A WL • 1/K1M AHT the
aforementioned difficulty will occur. Thus, the area for mass transfer must
be limited to that value for which
1	 ^ ^ Pb
- 3AwL )
The resulting equation is
2
	Km AHT P b
	
Ml < 1.0
wo Pg
	
2	 —
w	 1'' i
If the AHT (proportional to length) is too large a diagnostic will be printed
indicating the margin by which it is too large. For several example systems
this restriction has amounted to lengths which are about 5-15 diameters
(hydraulic diameters). This length restriction need only be applied for
lwnps where condensation occurs, not all lumps in a condensing system.
3.5.4	 Transport Properties
Calculation of transport properties in gaseous mixtures involves
the integratior of collision integrals for the molecular force potentials
into kinetic theory assuming a set of combination rules which will enable the
calculation of the properties. The calculation of thermal conductivity is
further complicated by molecular internal energy, in addition to translatory
energy. There are several models of combination rules which for non-polar
gases give very reasonable predictions using the Leonard-Jones 6:12 potential,
Reference 19. However, with the molecular dipole moments of polar gases, the
6:12
 potential fails to predict transport properties. A recent work (Reference
20 ) sets forth a calculation model for polar gas mixtures that appears to be
quite successful. However, it is not complete, i.e., thermal conductivity is
not included, and its procedures would require considerable manipulations to
enable reasonable calculations. The calculation technique used in the computer
routine is either a simple mole or mass average of the individual properties.
This method produces fairly representative variations for each transport
kip
1
I
I
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i^rc,1,..ty. a1; • : ,ire , p lc. ;.^ the Prandtl number versus gas composition dip observed
W4 th p;as r;llxtures. Binary diffusion coefficients require an input value at
1A.'( F s is anu 60"F anu w1 ll be calc
t
 ted under the assiunption that tl:e
varier IM proportion to ' /P.
j - !^) . ')
	
Calc ulation Procedure
The a der ir. which the calculations of paragraphs 3.5.1 and 3.5.2
are perfumed is stated in this paragraph. Those calculations required to
establish the pressure and flow rate are performed first for each lump.
Following, this determination, the heat transfer coefficients, mss transfer
coefficients and latent heat transfer rates are determined. Then the time
increments are determined and compared to select the problem time increment.
An examination is made to insure that the calculated condensation rates will
not cause the physically impossible condition of negative vapor flow rates
or negative liquid flow rates. Finally, the temperature solution is per-
formed for temperatures at the next time increment.
Due to the order of calculation, instances such as an initial
di.scontInuity will produce condensation rates in some downstream lumps much
greater than would be expected under equilibrium conditions. This occurs
because successive temperatureL, will, on one iteration, drop below dew point
temperature at which time condensation will be calculated in each lump. For
example if the initial. temperatures of five series tube lumps are 70OF
initially, and the gas dew point is initially 150OF at each position, the
same condensation rate will be calculated at each lump. If, for example,
10 pounds of' vapor were flowing and the calculated condensation rate were
5 pouiids per lump, the last three of the five lumps would not be permitted
any condensation, since the first two lumps exhausted the vapor flow. she
steady solution results in a decreasing dew point temperature rather than
having a constant value, hence some lumps in general may evaporate some
liquid for several iterations until the dew point temperature profile is
established. It is felt that the time lag error produced by this character-
istic will be small in any practical transient problem.
it
03-6	 F UIL CELL CHARACTEKI'LAT10N
3.6.1
	 Thermal and Mass Balance
The capability to perform thermal analysis on fuel cells simular to those
on P nollo
	 pr ^,f rcvirird int( the routine. When the fuel cell option is used, the
routine will perform a neat A nd muss balance on the fuel cell and ineludc
the effect of the fuel cell un the heat rejection eyetem.
In characterizing the fuel cell the following assumptions were
made:
(1) The fuel cell stack is represented by a single isothermal
lump.
(2) The gas leaving the fuel cell stack is at the stack
temperature.
(3) The fuel cell exit vapor pressure is the same as the vapor
pressure inside the fuel cell stack.
(4) Each fuel cell module operates independent of the others
The heat balance on the fuel cell. stack is .given by the
following relation:
dTs
WC dZ, s Qnet
In finite difference form:
mi+ Ii	 b^"Ts	 = Ts + we ( 8,net )
where
Ts1+'1 = stack temperature at time t' + 42'
Ts i n stack temperature at time '6
6?' n finite difference time increment
we	 - the thermal capacitance
Qnet = the net energy being transferred to the fuel cell stack
The net energy being transferred to the stack, Qnet, is given
by:
Qnet•Qr - Qe - Qg - Qc - Qp
where
Qr chemical energy due to the hydrogen-oxygen, reaction
Qg - energy removed from the stack by recirculating gas
Qe a energy carried out by vapor evaporated from the cell
electrolyte solution
Qc z heat removed by conduction or radiation
Qp a energy removed by electrical power usage
45a
ws
Wlivn the water is formed within the fuel cell stack by the chemical
reaction of hydrogen (H2) and oxygen (0p) the water is formed as a liquid
in the water-potassium hydroxide (KOH) solution present within the stack.
Thus, the higher heating value would be used in d;.jtermining Qr. Qs, then, is
E;.Lven by:
Qr = wpr.j rHoH + hoR - h077 + "C12 (ho, - h0277 )	 (his - h177)]
MO	 R
where
OR 
= flow rate of reactant hydrogen
• Cl —LT,
Cl s constant fcr the reaction
1P a fuel cell power
E = fuel cell c'tage
HpH n higher heating value for hydrogen
hC^R n enthalpy of hydrogen at the reactant temperature
ho 
77 
2 enthalpy of hydrogen at 77OF
tl.	 MO2 = atomic weight of oxygen
MO n molecular weight of hydrogen
Mv a molecular weight of water vapor
h 02 n enthalpy of oxygen at reactant oxygen temperature
h02 77  
2 enthalpy of oxygen at 77OF
h = enthalpy of liquid water at stack temperature
^ 5	Py	 q	 P
h2 77 = enthalpy of liquid water at 770F
If it is desired to use the lower heating value, the following conversion
can be made:
N, • HoL + w° (ht 977)
wH2
= HoL
 + My (hf g )
MO 	 77
Qr
 may be written
Qr a Cl	 [ HoL + hOR - ho + MO2 ( h02 - h02 ) - Mt(h J s - h^ - h f )aE	 77 r'b	 R	 7?	 N10	 77	 977
45b
I
^jl
^	 1
to
but the quantity (his - hq ?7 - hfg77 ) may be written (hve hv77 hf8e).
Thus, for the lower heating value,
Qr	 llp C HpL + hQR hp + 
MO2 ( hp - hp )E	 77 I^"	 ^t	 277
My
u	 there	
% (hv, - by77
 hfas)]
hvs
 • enthalpy of water vapor at stack temperature
A
hv77 • enthalpy of water vapor at 77OF
hfgs • latent heat of vaporization for water at the stack temperature
The energy carried out by evaporated vapor, Qe, is given by:
Qe hf 8s (RE)
where
RE rate of evaporation
*o ( gout - yw)
The energy emoved b recirculat ing as is given by:8Y	 Y	 i8 8	 8
Qg s w0 [ hoe - hoin + y ws (his hvin )]
where
*o 2 recirculated hydrogen flow r&te
hos
 x enthalpy of h^ -drogen at stack temperature
hoin ' enthalpy of hydrogen at temperature of recirculating gas
entering the fuel cell stack
yws • specific humidity at the water separator
hvin a enthalpy of the water vapor at the temperature of recirculpti.zg
gas entering the fuel cell stack
7	 s specificout e   humidity of gas leaving the fuel cell stack
The energy removed by electrical power, Qp, is given by:
Qp • 3.4131?
F. 45c
f
to
I1
The net heat transferred into the fuel cell stack is then
Qnet • Cl ^ [HOR  h - Ho, + Mo2 	 (ho - h02E^R 	l7	 2R?
^0	 7
- MV (hve - hv77 - hf )J - hfg (RE )R;	 gs	 s
- *o[hos -
 ho in + yws (hvs - hvin)
- Qc - 3.413V
and the finite difference temperature equation for the fuel cell stack is:
TS s Ts i + AJ CEO IH + h - do + MO2 (hp2 - ho2 )
 OR
	
OR	 77	 R	 77^o
• My ( hvs - hV77 - hf ), - h f (RE)Mo	 gs	 gs
- X70 ^ hoe - hoiri + Y ws ( hvs - hvin ) J
Qc - 3.413? )
A mass balance on the Yuel cell stack gives the following relation
for a new value. of electrolyte concentration at the end of time 't^ + N 'Z^
1
PKCH i+• 1=
•	 PKOH^ + j; OH (RP - RE)
where
PKoHi+l IN electrolyte concentration at time 'C + 6. -e
PKCHi n electrolyte concentration ® 'r
MKCH	 n mass of electrolyte in the fuel cell stack
RP	 a rate of production of water by the reaction
= MV C1 Q
K E
RE	 • rate of evaporation of water
a Wo ( gout - Y WS)
Y ws
	= specific humidity at the water separator
wgws - Wo
wo
45d
to y . -1, [,,is flow	 at	 '.!	 :,iQ pa n L o:
ago	 - rccc i.rcv-1,,tcd by ro„^.:n
y OW L	 = e1 .'cific htunidi k.,; cat , Gal; lcavl.nq; the fuel Coll Stuck
`,	 1>
a	
^v _ ^^
^	 v
1dv 	1,101 C. Culrtr w(jiclit of' wato2•
r10	= r:c^1<_• c ul cti2 ^•^j Coa l u of hydroC;cn
I)v 	= vapor prc:;ru.re in f. u.cl cell
P	 c total sy.;tem prcr:1ure
The recirculated hycj.x • ogen which enters the heat rejection system is calculrit,ed
each iteration by the following relation:
wo -
(V)
 /O W13
1 + ^^w^;
where
1Pws = gas d ,-ns1 ty at the water separator
i
V = volumetric flow ra`,c read from pump curve
'
	
	
The total gas entering the heat rejection system (leavint, thn
fuel cell stack) is given by:
Wgi WG (1 4 Y Out )
ors , Ts i+l (as entering; gas temperaturc) 4nd *0 are input to the heat
re^ection sys tcm to determine its perforriznce on each iteration.
3 . 6 .2	 Transient Fuel Cell Characterization
In the early versions of the K3D-T routine which were uacd for
analysis of the Apollo iilectrical Power Systems the fuel cell performance
was characterized by a series of steady state curves which represented. one
given voltLmetric pu::ip flow and condenser exit temperature. 'Iliese curves
specified the rkodule volt. ;e vcr,us temperature and power output. In the
actual operation, the fuel cell module voltage is also a function of
electrolyte concentration. The use of the : tea.dy state perforrmnee curves
for fuel cell transient conditior:s and. for steady state condi t.ion:, (rat
other than thc specified cond.enser exit temperature and volww< trio flow)
caused iriaccura , ^ies in the predictions of the fuel cell ruodule vol.t^t(;e.
Since the voltage is used in the calcu_1_ation of the rate of' watur production,
45e
the'	 1	 vc ^.'. .^	 c: 1c II .l ,.L10 ,1 t	 cup 1-,0'...,t,1,,d 1 n 1,1t	 })c
ftrlitci	 L• .L-1. ? ..V (,;.;- 0i' :tr ,tt q tr"'. t	 b't.1!W4Cc•.
TO ovrr•cc'- ,^,	 iQ.-	 rt c:cai'vc' fit Of
module vo^_',.:^;^^ ra:; rt fu^.t^ t' c,t; cat' t,c tt}^;; .t',tires, F'c'',' t' rttul ^1^ c t,r c,1,yL^. Cc^:r	 rr..
trat! on w,-::	 It	 `.u,c hr:, t f c> ^-r t u: t: ti p ^, u r vc^ T ^'t wrt;; f0. 11 It',  1,r> t ^ 
thrit Gi vrtt i tr
	 21.
V = (a;' 4- b) 
V 
4 (cTO 4 d) t c' (f - }'i r^tit )
where
V	 = rnodU l(. 
P
	
power
Ts	 S t(iC ); tc^i':p i •tt tur•v
PKO}i « percent ciccLrolyte concc,:ttrcttlon
a,b,c ) d,e,8A' n cur•v<- fit con:;trti,t:;
The conntrznt:r were (letr,rmi.nc-d in Peference 16 to be:
a c 7.960 x lo-14
b = -.8470
c = .02600	 •
d n 11.05	 •
c • -0.2473
f = .73
(b, and d have: been adjusted to account for the fact that stack temper, . c.
is in °R instead of of as given in Rvfcrence 16).
3.6.3	 Load Sharing
The early version of the n3D-T computer routine being used for
fuel cell ana3 ysis a su.r,)cd that each of the three fuel cell r0odules would
operate independently of the others. However, the Apollo :?1?,.j System actually
has the three fuel cell modules connected electrically in parallel with tb(
total electrical load being divided between the three in accordance with
their particular perfon,,nnce levels. Changes were made to reflect the parallel
connections of the three fuel cells in the present routine vcr • s ion.
Since the perforrance of each of the three cells is determl ned
explicitly as a func tionP 	 .y 	 u: t1, s: v^r ^ ^h1 C:^ ;^1; i • h a''r'ecL ii., t:•^:• }n,r'..; :,r.
of the total load which each rc-iodule,
 produces could, be established. Sirtce
the thre: fuel cells are connected in parallel in the actual. syster:r ) they
were assumed to have equal volL;aces. Temperature and electrolyte concen`,ra-
tion were assumed to be fixed and an iterative techni q ue wa ; used to find
the voltage that would produce the- to',al load desired. The M-piton-Raph^on
technique was applied to irnrove con,ver(;ence.
The perfornancc equations uc3ed for each fuel cell war, of the
form:
45
I
J
►.
t0
Pi • --^v _	 CV - cile 	 7 3 • 1111,Oi )J
i
Where
pi	 • Power of	 J
V	 VOA 4v"ct^  O' ca ' 1. !
Tl	 • tc ;'x^^ ; i• iti^rc of voch t x'J"'.1c
PKOR	 fraction of electrul.ytc: in riolutJori
and
PT '` ,^ Pi
i=1
where
PT • total po%?cz• required from Apollo ^ ?
n • nmiber of fixel cell raodulos
or	 nPT
	
+ ^- f V-c jTj-(1-ei (. 73 -PK7Ni),
1=1 a i 7' i	 i
Substituting; into the Norton-Tiaphson technique, the voltage is
determined as follow.;
n	 V
PT-
	 r V - e iTi - di - ei (.73
	
rr.{;}I )7
Jul a iTi + bi (. 1
Vj, 1 • V, + . h
Z [ 2 Vj - ciTi di ei (•73 PKOHi)) ai Ti + bi
i•1
where
Val = voltage nt , 4-1 pa5sco through load sharing loop
V, = voltage at j prances through load sharing loop
n
When (PT - 'E Pi is less than a :specified tolerance, the voltage has
i•1
bean found which giver, the required power.
i
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1 4.0	 9FECCIA1 ROUTINE OPTION
4.1
	 Flow Control Valves
A generalized capability is provided for analyzing systems with
four types of control valves. Each of the valves, rate-limited bypass,
polynomial bypass, prcpo,^Cioning, and shut-off is described in this seeciora.
Figures 6 and 7 show a typical deployment of the valves described topether
with the data irMut nomenclature for "from" and "to" tubes. In each case
the valves are set in position at the end of a time increment by the sensor
lump temperatures at that time.
For both the bypass and shut -off valves the equations ( uection 3.4.3)
generated for the determination of flog
 rate are ehsnged by deleting they
 pr es.
 drop equation and adding in its place the flow proportion caused by the
valve. A* an example consider a bypass valve in the system sehemet,ie of
Figure 6 . The equations which normally deLermine flow rate would contain
the equation
6P3 • 8P2 + 6 P6 + d P7
With the valve in operation this equation would be replaced simply by w3 • x Wl'and the pressure drop would not necessarily be ba].an^;;^d.
A pressure balance is maintained across the proportionWng valves as
described below in paragraph 4.:x.4.
Any of theee valves may be unused fcr a particular problem or part
of a problem as de °.drmined by the program user. This feature enables the
assessment c" the system performance characteristics with and without the
valves for a mirimum of data input.
4.1.1	 Rate-Limited Bypass Valve
1'his valve is designed to proportion the flo g
 branching from a single
tube in such a way 'that the temperature at a designated sensor tube lump is con-
strained to a specified temperature if obtaining the temperature at the end
of each time increment is within the valve response capability. The valve's
position ( fraction bypassed) is determined by integration of its velocity.
The velocity is determined according to the difference between the sensor
lump temperature after each iteration and the desired temperature of the sen-
arx lump. The model for this velocity dependa ►nce is shown in Figure 8 . This
model was designed to represent an electromechanical bypass valve used during
past radiator test programs. Since the valve is rate eencttive, a value for
the time increment must be used for steady state r nlution even though it is
physically meaningless.
4.1.2	 Polynomial Aypa,ii Valve
The polynomial bypass valve distributes the flow at a branch
dependent on a specified temperature in the problem. The fraction bypassed
1
r
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Control by	 —'
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^_ •	 i Valve
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Tube
IbSAGINARY BYPASS VALVE
Outlet Tube
"to" Tube
7	 5
Sensor	 13 8	 6
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Tube Bank
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2
— Tube)
zo
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"to" ;Tube
	 ..
Radial= Panel
No. 2
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Proportioning Valve	
1
^ ^	
I
"from" ^rube
TYPICAL PROPORTIONTNG VALVE DEPLOYMENT
FIGURE 6
SCHEMATICS SHOWING TYPICAL VALVE DEPLOYMENT
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FIGURE 7
SCHEMATICS SHOWING TYPICAL VALVE DEPLOYMENT
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is determined by a fourth order polynomial (x versus temperature) for which
the coefficients are rata inputs.
4.1.3	 Shut-Off Valves
Three types of shut-off valves are available for use. The first
and second merely are open or shut depending on a temperature in the system.
The first closes when the selected temperature drops below a pre-arranged
value and re-opens when that temperature exceeds a separate higher value.
The second opens as the temperature falls below a first value and closes when
a second value is a.ceeeded. The third valve combines the first and second
valve such that it switches the flow between two branches as a function of
the two temperatures chosen.
4.1.4	 Proportioning Valve
The proportioning valve is designed to respond in the direction of
causing the flow in two parallel paths to exhaust at the same temperature.
This arrangement is utilized to provide maximum heat rejection when two sides
of a radiator system operate in a significantly different incident heat
environment. The valve operates in a manner designed to reproduce character-
'	 istics of an actual valve used during radiator tests. The equation describing
the operation of the valve is:
z n x previous + 0 T ( X i -X previous) + Valve gain (TRT - TLT)
where:
Valve gain is allowed as an input constant in the data.
8'r • time increment
;Ti• initial valve position
• present valve position
TRT.OTLT r temperature of sensors in right and left hand tubes
After the position x is determined, it is used to define the pressure drops
in each side of the valve through the relation:
2
PRT • E +2]
 2
4 PLT n E ALT
xl
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	 proportionality factor (• POT see Parameter Card 22 -)i
data preparation)
*RTALT • right and left flow ratea
T 1 • valve position from left
Z2 • valve position from right
T"i.e valve pressure drops are considered together with the pressure
drops in the remainder of the right and left hand flow paths to determine
flow rates which give a pressure balance for both sides of the system. Con-
sidering the pressure drop of the radiator to be a linear function of flow
rate, such that 6P • K *, the pressure balance in the radiator and valve
can be written as:
2	 2
KRT *RT + E" RT • KLT *LT + E wLT
2.
where:
KRT n AP of radiator right branch/right side flow rate
KLT • LAP of radiator left branch/left side flow rate
*RT, wLT • right and left flow rates
The pressure drop equation may be solved for the left side flow rate by
substituting *RT • *TOT -
 *LT-
	
E 1	 1	 )2 + K + KR + 2E *TOT ^ nK w + E(w^ )2---^ - ""^ ( ALT	 LT	 T ----^— LT RT TOT ----^--xl x2	 	 x
2
Denoting the coefficient of *LT2 by (a), of *M, by (b), and the constant term
by (c) 9 the OLT may be put into the standard quadratic form.
* •-
 b+ b2 -4ac
	LT	 a
When 2 1 and 2'2
 are different by less than a specified tolerance (VLVTOL,
Card 22, Columns 31-40), the value of (a) will be small and the approximation
*LT • c7b is used.
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4.2
	 HEAT MCCHANGERS
A heat exchanger option is provided in the program which will allow
transient analysis of systems containing a heat exchanger.	 The heat transfer
process is calculated in the following manner.
	
First the data input desig-
nates cema in lumps to be heat exchanger lumps and indicates whether they
are on the cold side of the exchanger and if so, the numbers of the adjelcent
hot side lumps.	 For lumps in the heat exchanger, the heat transfer calcula-
tions are performed as if the hot side tube lump exchanges heat with both
hot and cold side fluid lumps. 	 The cold side tube lump does not participate
in the thermal exchange except to provide necessary information, such as
heat transfer area to cold side fluid lump. 	 Given the following informations
the heat transfer rates may be calculated.
^Denoting the position by subscript and time by superscript, the
energy balance equation for the hot side tube lump is
wT eT	
T, i+l ,. T, i = (hfAHT )cold (Tf	 -T, i ) + (hfAIM )hot (Tf i	 -T^ )
J	
aoldj
i	 i
+ U+ (Tj+l-Tj i ) + U_ (Ti _1-T;) + 7U,K(TK-T, )
hcold	 - cold side heat transfer coefficient
hhot
	- hot side ie^t transfer coefficient
AHT cold	 - cold side area for heat transfer
AHT	 hot	 for heat transfer•	 hot	 -	 side area
wt ct
	- weight of hot side tube lump x specific heat
U+	- conductance of hot side tube lump to downstream lump
U_	 - conductance of hot side tube lump to upstream lump
UJK	
- conductance to any other tube or structure lumps
This equation is used to solve for Tji+1.	 The cold tube temperature merely
follow© the cold fluid temperature and has no meaning. 	 Each of the fluid
temperatures, hot and cold, is determined in the same manner as for other
lumps except that the cold fluid lump transfer is from the hot tube tempera-
ture rather than the cold tube temperature.
The solution thus determined is quite general in application poten-
tial, allowing either counterflow or parallel flow and unmixed cross flow.
,However, certain precautions should be observed. 	 (1)	 The mass and longitud-
inal conduction area of the entire exchanger should be input for the hot side
tube lump alone.	 The mass of cold side tube lump does'not enter the problem.
(2)	 The area for heat transfer to the enclosed fluid lump must be entered
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1properly for the cold tube lump. ( 3) No conduction data for conduction be-
tween hot and cold tube lumps should be used. Essentially the cold tube lumps
do not participate in the heat exchange, since the heat exchanger characteriza-
tion is one in which one tube lump transfers hest with two fluid lumps. The
second tube lump (cold side, by convention) is retained to enable independent
specification of parameters determining pressure drop in and heat transfer
rrom, the cold fluid lump.
Three options are available to the user to determine the heat trans-
fer coefficient in heat exchanger lumps, (1) the coefficient may be determined
as per the normal flow-in-tube equations used for all other lumps, (2) a qurve,
of heat transfer coefficient versus flow rat, may be input as curve data, (3)
a curve of Stanton number x (Prandtl number.-)^5 versus Reynold's number may
be input from which the heat transfer coefficient may be determined. These
data options permit a maximum of variety for the user's convenience.
A sufficient number of lumps should be used in any heat exchanger
to prevent a lower than desired heat exchanger effectiveness. A limitation
on effectiveness results because of the finite difference method of calcula-
tion for tube and fluid lumps. As an example of the limitation which could
occur for a counter flow heat exchanger, the maximum effectiveness for the
finite difference characterization is given by:
(2 VMlCl)n 1
E	 - W2 -
max	 2
(2 1 )n- Mic 1
-
V 2
or ifM1Cl•V2
x	 n
E max ,
 M
there
n = number of lumps In heat exchanger in the flow direction
M1Cl • mass flow rate timse specific heat for side 1
NX2 • mass flow rate times specific heat for side 2
For a counter flow heat exchanger, n becomes large as IE max approaches 1.0.
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	4.3	 KNOWN HEAT LOAD
An option was provided for calculation of steady state radiator
fluid inlet and outlet temperatures for a fixed geometry radiator rejecting
a specified neat load. The computer routine data input includes the known
heat load value, the radiator surface emissivity and area, and an initial
value of fin effectiveness and fluid specific heat. Using this data an
average radiator temperature is calculated by
Tavg w	 Q	 1/4
E
The radiator inlet temperature is then calculated by Tin • Tavg - Q/w ep.
The difference between the known heat load and the load calculated with the
first value of inlet temperature is tested for sign. If the calculated Q
value is less than the known heat load, the radiator inlet temperature is
raised by 10OF (or by the overriding value specified in the input data).
On subsequent calculations, if the calculated heat rejection exceeds the
known heat load, the inlet temperature is decreased by 1/2 of 100 (or the
data input value). When subsequent calculated treat rejection values fall
below the known heat load, the temperature is raised by 1/2 of the past
stop changes, thus providing a rapid convergence to the inlet and outlet
temperatures which match the given heat load. The program user may input
a tolerance for matching the ittruted loud to the given heat load to terminate
the computations. The user can also specify the maximum number of iterations
which will be permitted for a solution.
	
4.4
	 RESTART
Pruvisions for problems requiring extended computer time have been
made in that a dump tape is written from which the run may be continued if
all conditions of the problem are not satisfied (i.e., transient time not
achieved). The problem may also be dumped by the user even if specified con-
ditions are Satisfied, and then restarted from the dump tape at a later date.
This latter option is particularly useful for examining the output of a long
problem after a short initial period to determine whether the data has been
input properly. The detail instructions on the use of the restart option
are given in paragraph 5.3 of the data preparation.
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44.5	 TIME IWREMENT SEUCTION
Several options were programmed into the routine to provide
alternate methods for computing the problem time increment. These options
can increase the speed of the problem oolution without Lose of accuracy
when properly used. The use of the time increment in the finite difference
equations is shown and the various computing orlicne are described.
The basic finite difference equations (paragraph 3.1) may be
written in a general form ass
Tl • 
T i+
	 Y U ( T 
i - T i)
+ Q- B (T i,41J	 J	 w e 	 Jx K	 J	 J JJJ	 K	 J
The subscript denotes lump number, the superscript time.
A7' • time increment
w, n weight of lump J
c, • specific heat of lump J
UJK • coefficient of energy transfer between J and K
Q	 • heat added to lump
BJ . radiation coefficient
Further, in Section 3 . 2 it was demonstrated that the maximum time increment
for which iterations of the equation above would remain stable is:
er. _	 O w e 1
	 0 (convergence factor) 5 1.0
L UJK + BJ(TJ)
K
If T i is set to T J1+1, the temperature of lump J ma y be solved for its
steaiy state value. The finite difference equation may be written:
UJK (TKi - TJ'+1 ) + Q - BJ 
(Tj'+l)4	 0
K
7— UJK TKi + Q;T ji+l • K
^_ i, ^ l 3
K 
UJK + BJ ^TJ
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Substitution of the A lr from the convergence criterion into the finite
difference equation yields:
T i+1 •T +
	
(T 1 • T i ) + Q • B (
;L U4J	 Ji	 1	 ^ U JK K	 J	 J T J
i)
	
JK + B^ (T j )	 K
K
UJK TiCi + Q
3
U K + B (T i)K	 J J
The term on the right
of temperature except
most cases, these two
approximately (1 - 0)
value at time i. For
existent, this relati,
is by inspection exactly 0 times the steady state value
that T i instead of T,i+l is in the denominator. For
are not greatly different, such that T j i+l will be
of the previous temperature and 0 of the steady state
eases, such as fluid lumps, where radiation is non-
Dn is exact.
For lumps in a problem with very short time increments the time
increment may be substituted into the respective difference equation and that
particular lump will assume steady state with respect to its surroundings at
each iteration. The value of 0 is retained in the calculation to insure that
the non linearity will not cause instability. The "floating" or steady state
lump may be employed in several manners in the routine:
(1) No lump's time increment will be overridden, such that the
shortest of all the time increments will be used for each node.
(2) All lumps whose time increments are shorter than a specified
minimum time increment will be "floating" and will assume
steady state an described above at every time increment. 	 Lumps
' with longer time increments will use the minimum time increment
in the finite difft;: ence equation.
(3) All fluid and tube lumps will be considered "floating" using
the steady state approximation, and all structure lumps will
be surveyed to determine the smallest time increment, which
is then used in all structure lump finite difference equations.
w This option is attractive only when the mass of fluid and tube
lumps is very small as is the case in many radiator problems. 	 I
(^) All lumps will use the "floating" steady state approximation
and the equations will be iterated without regard to time.
J In this iterative option the solution is only steady state
but.a time increment must be input to control the operation
of the rate sensitive bypass valve.
r
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	4.6
	
CHECKOUT PRINT
The routine user may select the checkout print option which will
give a detai kd print at each iteration. The checkout print provides a
direct, relatively simple check of the data input consistency, and indi-
cates the timb increments calculated for each lump. The check of data con-
sistency may be performed by examining values of weight, conductance, and
other Quantities which are kna.+n o have recognizable symmetries and vari-
ations in the problem. One may survey the time increments and pick the
value of a minimum time increment which will accurately characterize the trans-
ient and only override those lumps which realistically can be considered at
steady state compared to their neighbors. An explanation of the terms of,the
check out print is included in paragraph 6.3.
1	 4.7	 FLUID F MZING
An option is provide4 to a.mlyze stagnant or frozen fluid lumps.
1 The option operates in the following manner. 	 The flow in each radiator tubeis tested against a minimum flow rate which is specified in the data input.
If the flow drops below this minimum flow rate, the fluid is considered to
be stagnant in the tubes. 	 Conduction data which was previously input is then
used to compute fluid lump to fluid lump conduction and fluid to tube conduo-
tion.	 The change of phase of a fluid is accounted for in an input curve of
specifie heat versus fluid temperature.
In order to fudge when a tube should be considered flowing ester 	 1
the fluid begins to thaw, a flow rate is computed at every iteration based
on the fluid lump temperatures in each tube. 	 If the calculated flow is
-
higher than the specified minima flow, the tuba is considered to be flowing
again.
y sr	 CLOSED LOOP OPTION
A closed loop option is available to use when the Fluid loop is 	 1
continuous.	 The fluid temperature leaving the last lump in the last tube
in the oystem is merely input to the system inlet, thus closing the loop.
N
i
'
l
1
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	4.9	 FLOW BAYANCE OPTIONS
Several methods of specifying the fluid flow have been found to be
of use. Normally one will RAeify the total flow of a system and require
that the flow will be such that a pressure balance is maintained in all
parallel flow paths. This option is designated NFD • 0 (page 70) and is
suitable for any flow network (i.e., hanks and headers and parallel flow,
steady state or transient).
In certain instances it may be desirable to use predetermined flow
rates in parallel floor systems and not balance pressure drops. This can be
useful when attempting to establish thermal verification of test results.
Two such options are available. With NFD . 1, the flow rates of each tube,
are input as functions of time and with NFD . 2, the flow rates of each tube
are specified independently as constant percentages. The total of the flows
remains the total flow with NFD . 2, but flow is allowed to bypass the radi-
ator, thus reducing proportionately the flow in each tube.
In many systems, the total eyet,em flow is not independent of the
thermal solution but is dependent on the operation characteristics of a pump.
This option (described in paragraph 3.4.4) is available for the user's choice
as NFD n 3 (page 7G). Tf multi-system problems are run each system will re-
quire its own pump curve. Except for the selection of total flow rate,
NFD . 0 and WD . 3 operate identically.
	
4.10	 LIQU?.D SEPARATOR
An option is provided whereby the user may designite a fluid lump
as a liquid sepArator lump. The liquid separator luma reduces the total
flow rate by an amount equal to the liquid flow rate into it; thus *L - 0.
out of liquid separator lump.
	
4.11	 INLINE HEATER
The capability to s.iAnulatA an inline heater for any fuel cell
system has been provide in the routine. T 1 te heater control is assumed
to be an on-off control with a constant deadband. The inline heater is
simulated by allowing the specified tuba lump to receive the neat produced
by the heater element when the sensor fluid lump is below the minimum
sensor temperature. The routine logic permits the heater to perform as
follows:
(1) When the heater is off it will remain off until the sensor
lump temperature drops below the minimum sensor lump
temperature.
i
(2) When the heater
drops below the
heating element.
node. The heats
tots] power and
pert' .,rmance .
is off but the sensor lump temperature
minimum, the rate of heat produced by the
(input) is added to the inline heater tube
tr power is also added to the input fuel cell
this sum is used for determining fuel cell
(3) When the heater is on it will remain on until the sensor
lump temperature rises above the heater off temperature.
When this occurs, the heater will go off and the heater
power will no longer be added to the fuel cell total power.
The required input for the inline heater are the following:
=l
(1 ), 	 Heater power
(2)	 Heater tube lump
(3)	 Sensor f luid lump
(4)	 Heater on temperature
(5)	 Heater oft' temperature
4.12	 EDIT
v
The large number
,
of data cards required for problems run on this
routine presents three problems:	 (1) increased probability of operator
and/or card reader error, (2) increased probability of a card reader ,jam,
and (3) significant extra time required tc read in data from the card
reader when problem (2) occurs.	 For these reasons a routine was developed
for reading input data from tape with the capability for modifying the
data on read-in.
The EDIT routine is called by parameter INDATA input in columns
61 and 62 on parameter card 2.
	
Possible inputs are:
(1)	 IIQDATA •
	 O, All data is supplied on cards.
2	 INDATA =	 1(	 )	 , All data is supplied on cards and the card
images are written on tape on »nit B. (Should
be specified as an output tape on job card)
3
(3)	 INDATA :	 2, Use data input on tape on unit C with desired
changes on cards to write a new data tape on
unit. B. (C is input tape and B is output tape)
(4)	 INDATA :	 3,
I
Use the data read in from unit B without change.
Parameter cards 1 and 2 are read in from cards.
(B is input tape)
'
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1When INDATA - P. the deck set-up consists of parameter cards 1
and 2, the EMIT control cards (described below), and the new data cards
(with the same format as the cards being replaced).
The L;DI'I' control cards, used only when INDATA has a value of 2 are:
Col	 Format	 Name	 Description
1-5	 15	 K3	 Card number K3 will be either removed or
pushed down depending upon the contents of
the next two fields (K4 and K5) . If K3 is
greater than the number of cards on the
tape plus 10000, no edit will be performed.
d
6 -10	 15	 K4	 K4 must be equal to or greater than K3 or
'	 must be left blank. If K4 > K3, cards
numbered K3 to K4 inclusive will not be
transferred to she new data tape on unit
B. If left blank no cards will be deleted.
11-15	 15	 K5	 If riot blank or zero, K5 cards, which must
immediately follow this edit control card
will be inserted ahead of card K3 or in
place of cards K3 through K4.
Giving K3 the value of 99999 will cause the continuing transfer of card
images from Unit C to Unit B until a card image containing bbbl3b(b :
blank) in columns 1 -6 is found. The unit C tape is not altered in any
y	 way should there be errors in the edit Beck which cause fatal errors in
the LTV program. It is the responsibility of the user to maintain extra
copies of the data tape and/or an up-to-date card deck.
r
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5.0	 DESCRIPTION MD WE OF COMPUTER ROUTINE
5.1	 DESCRIPTION
This computer routine was written in Fortran IV for the Univac 1108
computer having a core storage capacity of O,-,_536 words and a minimum of
eight magnetic tape units. To use certain options of the routine requires
as many as three additional tape units. The program makes use of the chain
feature of Fortran IV in order to minimize the amount of core storage re-
quired and still provide a large data block. The first four chain links
read, process, and store the data in a packed data block, and the fifth
chain executes the main program. The operations performed by each chain
and its corresponding subroutines are outlined briefly in the following
paragraphs.
5.1.1	 Chain 1
1. Reads the first two data cards and stores all of the first card
for a heading to be printed at the top of every page of output. Stares the
para?;ieters on the sec ,nd card and begins writing description of the probj.er.i .
2. Tests the re-stark code. If it is zero, the data processing
will be continued by Chain l as described in the following paragraphs. If
it is not zero, this indicates that all data is from the dump of a previous
problem. Chain 1 reads tape NDPT. NVLVRS is tested and Parameter Cards 20
and 22 are read as needed. Chain 5 Is called to begin calculations.
3. Ca l  1_s Subroutine EDIT which: makes required changes to the data
input tape. Data cannot be changed by EDIT when the problem is restarted
from a dwap tape.
4. Reads the third card, stores the parameters, and continues
writing the description of the problem, listing the options indicated on
this card.
5. If fluid flow is indicated, reads the fourth card and stores
and writes the heat transfer coefficient factor.
F • If the tubes aL ,e arranged in parallel and if more than one
system is to be analyzed, reads the fifth card and as many additional cards
as needed to supply the number of tubes in each system.
7• If the tubes are arranged in banks and headers form, reads the
sixth card and as many additional cards as necessary to furnish the number
of flow paths in each system. Reads and writes the seventh card and as many
additional cards as needed to supply a list of the flow paths.
8 • Reads the eighth card and as many additional cards as necessary
and stores the molecular weight ratio, the two-phase flow option, and the
curve numbers of entering flow rate of gas curve, entering flow rate of liquid
curve, and entering pressure of gas for each system.
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9. Read, 0.t, iii art h c itr , t ar,(I as many additional cardo as needed to
supply a closed loop code i'or uactz :system,
10. If a steady state solution involving parallel fluid flow is
indicated, reads the tenth card and as many other cards as necessary to supply
an inlet temperature for every tube in every system.
If a steady state solution involving banks and headers fluid flow
is indicated) reads the eleventh card and as many other cards as needed to
furnish an inlet temperature for the first tube in each system.
If a transient solution involving parallel fluid flow is indicated,
reads the twelfth card and as many additional cards as needed to supply table
numbers for the inlet temperature of each tube in each system.
•	 If a transient, solution involving banks and headers fluid flow is
indicated, reads the thirteenth card and as many additional cards as necessary
to furnish a table number for the inlet temperature of the first tube in each
system.
11. Reads the fourteenth, fifteenth, sixteenth, or seventeenth card
according to the flow control option indicated.
12. Reads the eighteenth card if the flow control option indicates
it is needed.
13. If a gradient solution is indicated, reads the ninteenth card
supplying curve numbers, temperature factor, and density needed for the
I
structure.
14. Reads the twentieth, twenty-first and twenty-second cards
according to the valve options if valves are used. These cards supply valve
parameters.
15• Calls subroutine SUBP to write the page heading, count lines,
skip pages, and increment the page count.
16. Calls subroutine RESET, CLOCK, and WCLCL to read the computer
clock and accumulate the time usage in -the chain link. RESET and CLOCK are
called to determine the initial time entered and the present time; then
WCLCK is called to determine elapsed time. Dummy subroutines may be used
if desired.
17. Chain 1 calls Chain 2 if fluid flow is indicated and Chain 3 if
fluid flow is not indicated.	 ,
5.1.2	 Chain 2
1. Calls subroutine SUBA to xaad, write, and store all of the fluid
lump data.
2. Calls subroutine SUBB to read, write, and store all of the tube
lump data.
•
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3. Calls subvuuUne :AUBP -to write the page heading, count, lines,
•	 skip pages, and increment the page count.
4. Calls subroutine RESET, CLOCK, and WCLCK to read the computer
clock and accumulate the tine usage in the chain link.
5. Writes the amount of data space used by the parameter data and
the fluid data.
6. Writes the amount of data space used by the parameter data,
fluid data, and tube data -ombined.
7. If a noel :solution is indicated, calls Chain 3.
8. If a gradient solution is indicated, calls Chain 4.
5.1.3	 Chain
1. Reads, stores, and writes the structure lump dF,ta.
2. Calls subroutine SUBP to write the page heading, count lines,
skip pages, and increment the page count.
3. Calls subroutines RESET, CLOCK, and WCLCK to read the computer
clock and accumulate the Ui;ie usage in the chain link.
4. Writes the amount of data space used including the structure
lump data.
5. Calls Chain 4.
5.1.4
	
Chain 4
1. Reads, writes, and stores all the curve data.
2. Checks to see that all required curves are given.
3. Calls subroutine SUBI which i •eads the input required, computes,
stores, and writes the gradient table provided that
(a) a graa),ent solution is indicated,
(b) the parameter data .indicates that a graaierit table should
be computed by the routine, and
(c) ano*uher gradient table was not included in the data.
4. Calls subroutine SUBP to write the page heading, count lines,
skip pages, and increment the page count.
5. Calls subroutines RESET, CLOCK, and WCLCK to read the computer
clock and accumulate the time usage in the chain link.
1
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U. Writes gale: wr^oluit, of data space used including; the curve date.
'(. Calls Chain 5.
5„1.5
	
Chain 5
1. h1valuat;es thQ heat, balance equations for the various types
of lumps.
2. It' a knowxi heat load problem is indicated, inputrs the known heat
load data.
1
3. Calls the followinf; subroutines as needed:
(a) Subroutine SUBP to write the page heading, count 'lines,
skip pages, and increment the page count.
(b) Subroutines RESET, CLOCK, and WCLCK to read the computer
clock and accLvnulate the time usage in the chain link.
(c) Subroutine START which calls Chain 1 and a new problem if
the data exceeds the allowable data space.
(d) Subroutine POL which does table look-up and straight line
interpolation.
(e) Subroutine TRPOL which does table look-up and straight line
interpolation for the three dimensional tables.
(f) Subroutine SUBWT which converts a block of temperatures
from absolute Rankine to Fahrenheit and back to absolute
Rankine.
(g) Subroutine SUBEND which writes the flow rates and pressure
drops and computes and writes the power requirement, total
heat rejected, and the radiator structure and fluid weight.
(h) Subroutines CHECK and SURVEY find and search all time-
dependent tables so in a transient problem time can be
updated to minimum point at which any table value changes.
(i) Subroutine SUBDP which initializes flow rates and inlet
temperature for certain flow control options. SUBDP
computes the pressure drop for each tube, the flow control
code and adjusts the flow rate as required. SUBDP analyzes
the valves and adjusts flow rates accordingly, recalculating
pressure drop. SUBDP adjusts total flow in each system
according to the pump curve, if present, and recalculates
pressure drop. SUBDP tests for freezing and recomputes
pressure drop and flow rate when freezing occurs,.
(j) Subroutine REVPOL which does a reverse table look-up and
straight line interpolation.
(k) Subroutine FLARAN which arranges the fluid lumps into a
physical order rather than a numeric order.
(1) Subroutine SUBFC to perform a heat and mass balance on
the fuel cell.
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4. Tes1c the temperature change for every lump. If a steady state
solution is indicated and the change for all lumps is less than the value of
SSTEST multiplied by the lump absolute temperature, the steady state condition
has been reached and -the solution is ended. If a transient solution is in-
dicated, the time is tested and the solution is ended when the total time for
transient is reached.
fi
	
	
5. Tests the computer time usage and ends the solution if the
requested time is exceeded.
6. If the solution is ended before completion or if the dump
option is used, writes the entire data block and the variable block on tape
IDPT so that the problem can be restarted.
I
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5.2	 DATA PIiLI'ARAT10N
An explanation of the input data is presented in this section of
the report. Where applicable, the inputs are referenced to page numbere in
the analytical methads portion of the report.
The data input is described in terms of seven sets of cards (1)
Parameter Card$, (2) Fluid Data Cards. (1) Tube Data Cards, (4) Structure
Dat.% yards, (5) I-I au L Cell and In:l.irne Heater Cards, (6) OL rve Data Cards,
(7) Gradient TaLle Computation Cards, and (8) Known Heat Load Cards. The pre-
paration of these card„ is described in paragraphs 5.2.1 through 5.2.8, respecT
tively.
Although the twenty-seven parameter cards determine almost all of
the computing options, many are not required for any one particular problem.
A flow chart in figure 9 shows which parameter card:. are required for the
basic routine options and is intended to supplement paragranr 5.2.1.
The thermal conduction data which is read in as part of the fluid,
tube and structure cards is explained on pages 83 through 84 which have been
inserted between the parameter card description and the fluid, tubes and
structure card description.
A five column field is used for all data unless otherwise specified.
Integers should be right adjusted within the field. The option codes are
one digit, usually "0" or "1". An "0" need not be punched as blanks are
read as zero. The integer format is designated simply as ."I".
Unless otherwise stated, the fixed point format specification is
F5.2. That is, if the decimal point is not written, it is assumed to be
between the third and fourth columns of the five column field. A decimal
point may be written in any column of the field and its position will over-
ride the indicated position in the format specification. The fixed point
format is designated simply as "FP".
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[f'a rarrie to r Carcdo
Card 1
Any `r2 alphanwrreric characters which are desired can be printed
at the Lop of every page of output.
	 Columns 1 through 72 will be read and
printed. Any part or all of the card .nay he blank.
Card 2
Fortran Analysis
Nomenc la- Page
Columns Lure Form DcocripLivn	 Reference
1 INDAT^ TI = U All data supplied on cards
1 Write card immiges on Unit B
= 2 Use Cards with r to update B
_ 3 Use B without edit
2-t, I;LASdK
7-20 TINCMN FP Minim= time increment if NCC • 1
	
55
(Col. 37).
	
Time increment for valve
operation if NCC • 3.
21-23 NVLVRS 1 Valve restart cede:
If Istart a 0 (Col. 38), NVLVRS a 0	 46
` If i>start 4 0, the number of valves	 and
having parameters to be changed.
	
54
24-25 IGMAT i 0, not a known-hest load problem.
	 54
0, number cf knc'	 neat load
variations to ;.d run with this
set of data.
26-30 I 117 E. I Data set nL nber..	 May be any number
except for the first set which must
be 0000'	 (or 1 '.n column 30).
l-3	 35 RTIMI FP Requested comp " er time foI	 	 ^.	 	 r this set
of data.	 The problem will be written
on a dump tape for re-starting i" this
time is exceeded ( minutes).
36 Blank
37 NCC I n 0, Survey all lumps to determine the
	 55
sr,,iallest time increment which will
then be used as the transient time
step for all lumps.
• 1 0
 Minimum tune increment supplied
(Col. 20).	 Lumps with time increments
smaller than minimum time increment
will be considered steady state.
	 All
other lwnps use the minimum time
a. nc reme nt .
X	 1
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1F,>rtran
Nomenc la-
Columns Lure	 F urm
3?	 NCC	 I
(contId)
38	 ISTART	 I
j	 39	 ITFLXCL	 I
ll	 40	 IDUMP	 I
1
41-45	 TAU	 FP
46-50	 DELTAU	 FP
Analysis
Page
Description 	 Reference
n 2 0 each fluid and tube lump will 	 55
be considered steady state.
The smallesi. structure lump
time increment will be used
for the transient time
interval.
n 3, each fluid, tube, and structure
lump will be considered steady
state. Equations are iterated
to determine steady state answer.
Do not use for a transient problem.
0, This problem has not been run before. 54
New data follows.
1, The data for this problem is to be
read from the dump tape.
2 0 Skip over this problem on the dump
tape. It is not to be re-started.
U, Incident heat flux or cards
0, Incident heat flux applied on input tape
0, Do not dump this problem for re-	 54
starting.
1, Dump this problem for re-starting
at s later time if conditions such
as TAU (Col. 45) or SSTEST (Col. 70)
are satisfied.
n 0, A steady state solution is
desired.f 00 The total time for a transient
solution (hours),
• 00 Print only at end of every hour
if problem time is greater than
one hour.
0, Print interval (hours).
M xximum number of iterations for a
Steady state solution. Routine sets
to 10,000 if left blank.
Convergence factor. Routine sets
	 55
to .9 if left blank. Use 0.5 if
NCC n 3 (Col. 37) •
	
51-55	 MAXI	 I
{i
	56-60	 THETA	 FP
68
1
s72
Y3-75
1-5
6-lo
11-15
16-20
NRI!G	 1
IPLOT	 I
Card 33
NTUBE	 I
NTF'L	 I
NTML	 I
NSL	 I
i
11
46
15
r_-W -
1
71	 NCKOUT	 I
21 -25 NSYS I
26-30 1AXTB I
31-35 TIME FP
	
36-4o	 NVLV	 I
	
41-42
	 NAVTC	 I
r
Analysis
Page
Desci option	 Reference
Steady state testing factor.	 26
Routine sets to .000001 if left
blank.
0 0 Print under control of print 	 57
interval.
1 1 Provide checkout printing
during every Iteration and
regular print at end of each
time interval.
n 0, Not heat exchanger problem	 52
0, Heat exchanger problem.
0, A Plot tape will not be written0, Number of- iterations between each plot interval
Total number of tubes in all
systems.
Total number of all fluid lumps.
Total number of all tube lumps.
n 01 A gradient solution
0, The number of fin lumps for a
nodal solution.
Number of systems. Routine sets
to one if left blank.
Number of tubes in system that has
greatest number of tubes of any
system. Maximum value is 102.
Time in hours. Usually will be
left blank but may be input for
beginning a transient problem at
some particular point on the time
dependent tables. Do not set
grea t er than TAU 'Card 2, Col. 41 ).
Nwaoer of valves.
n 0 1 Us4Tfu+,TP ) /2 for equation (14 )
page 15. Check stability criteria
for Af, page 19 before using this
option. Two-phase flow will not
average fluid lump temperatures.
n 1, Use Tf in equation ( 14 page 15
69
x	 FortranNomencla-
Columns ture	 Form
61-70	 SSTFST	 FP
F10.9
tY
Fortran Analysis
Nume nc la- Page
Colwru-Ls ture Form Description Reference
43-44 KODFC I = 0 No fuel cells will be considered
0 Fuel cells will be considered
45-46 MGZC I For gradient problems only. Appendix
w 0, Gradient curve in data. A
n 11 Compute gradient curve.
n 2 1 Read gradient table from
binary tape.
47-48 NPFC 1 n 0 1 Parallel flow. 27
0, Banks and headers flow. 29
49-50 NFC I n 0, Do not consider freezing. 57
O, Consider a tube to be frozen
if the flow rate is less than
FMIN (Col. 70).
51-52 NFD I n 0, The flow rates are adjusted in 53
subroutine SUBDP to maintain equal
pressure drops in parallel flow
paths.
If a transient problem, the total
flow is read in as a function of
time (Card 16). At each time
interval, the total flow is found
from the w versus time curve.
If a steady state problem, parallel
flow, the flow rate of each tube is
input (Card 7-4) and summed for total
flow.
If a steady state problem, banks and
headers flow, the total flow in each
system is input (Card 15).
n 1, Use only for transient parallel
flow. The flow rate of each tube
is a function of time (Card 17).
The pressure drops in the tubes are
-omputed for the print-out but the
flow rates are not adjusted. Use
of bypass valve not allowed.
n 2, The flow rates of each tube are
read in (Card 14) and remain pro-
portional. The pressure drops will
be computed for print-out. Each
flow rate is bypassed proportionately
when a bypass valve is used.
70
I
6 n
If banks and headers flow, the
flow in each system (Card 15) is
read as total initial flow.53-55 Blank
56-60 rWM.ID Initial Humidity estimate
61-70 F14III FP Minimum flow, lb/hr, of a tube before
F10.9 freezing.	 If NFC f 0 (Col. 50) any
tube will be considered frozen if
the flow rate drops below FMIN.
Card 4 (Heat transfer coefficients for fluid flow)
1-5 HI1 FP Heat transfer coefficient factor.
F5.4
Card 5 (For parallel flow, if NSYS > 1)
1-5 N35+1 I Number of tubes in system 1.
6-10 TJ35 +2 I Number of tubes in system 2.
57
24
Fortran
Nomencla-
Columns tune	 Form
51-52
	 NFD	 I
(cont' d )
Ana l.ys is
Page
Reference
58
Description
$ 3, Pressure drop is computed and
the total flow as a function of
pressure drop is found from the
w versus AP curve (Card 18).
For either steady state or
transient problems.
If parallel flow, the initial
flow rate of each tube is read
in (Card 14) and summed for
total initial. flow.
i
Etc. through Column 70.
i.
Repeat this card as many times as needed to supply NTB for every system.
If NSYS n 1, omit this card and NTBI will be set to NTUBE.
Card 6 (For banks and headers)
	
1-5	 N33 +1 	 I	 Number of flow paths in system 1.
	
6-10	 N33+2 	 I	 Number of flow paths in system 2.
Etc, through Column 70.
Repeat this card as many times as needed to supply NFLO for each system.
71
1437+n I Number of last tube in first
flow path in first system.
Blank Leave 5 columns blank to
indicate the end of a flow
path.
143 7+n+1 I Number of first tube in second
flow path in first system.
X07+n+2 I Number of second tube in second
flow path in first system.
M37+n+2 I Number of third tube in second
flow path in first system.
Etc .
1	 \
9
Analysis
Page
Reference
Fortran
Nomencla-
	
Columns Lure	 Form	 Description
Card 7 (For banks and headers)
	
1-5	 M37+1	 I	 Number of first tube in first
flow path (see example on next
page for definition of a flow
path) in first system.
	
6-10	 M37+2	 I	 Number of second tube in first
flow path in first system.
	
11-15 I27+3	 I	 Number of third tube in first
flow path in first system.
Etc.
29
M37+n-Kgl	 I	 Number of last tube in second
flow path in first system.
Blank	 Leave 5 columns blank to indicate
the end of a flow path.
Etc. through Column 70.
Repeat this card as many times as needed until all flow paths in all systems
have been listed. No blank is required after the last tube in the last flow
path in the last system.
72
f
4
fI	 For example: Sys tem 1:
1
3	 19
7
12
4
6
System 2:
155
s	 \
I
Flow
Flow
Flow
Flow
Flow
Flow
Flow
Flow
Flow
Flow
Flow
path 1 consists of tubes 1, 3, 7
path 2 consists of tubes 1 0 9, 7
path 3 consists of tubes 7, 40 2
path 4 consists of tubes 7, 12, 8, 10 ,E 2
path 5 consists of tubes 7, 12, 5, 10, 2
path 5 consists of tubes 2, 6, 13
path 7 consists of tubes 2 l 11, 13
path 8 consists of tubes 14, 21, 19, 22 0 23
path 9 consists of tubes 14, 21, 16 0 22 0 23
path 10 consists of tubes 14, 18, 20, 17 0 23
path 11 consists of tubes 14, 18, 15, 17 0 23
f
IRestrictions:
(a) Two and only two tubes must branch from or flow into another tube.
(b) Tubes must be numbered one through NTUSE.
(c) The first tube in a system must have the smallest number of any tube
in that system, the first tube in system 1 being numbered 1.
(d) Each system must have at least four tubes.
(e) One tube cannot conned into two banks, see paragraph 3.4.3 (Figure 3 ).
(f) The last tube in a system must have the largest number of any tube in
1	 that system, the last tube in the last system being numbered NTUBE.
(g) If one fluid lump in a tube is to be considered for two-phase flow
calculations, then all fluid lumps in that tube and in the system which
contains that tube must also be considered for two-phase flow calculations.
73
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Fortran Analysis
Nome nc la- Page
Columns tore Form	 Descri_)tion	 Reference
Card 8
1-5 MM:L6+1 I Twu-phase flow option for system 1: 	 35
• 0, Two-phase flow not considered
in system.
n 1, Two-phase flow is considered
in system.
6-10 mml6+2 I Two-phase flow option fur system 2.
Etc. through Column 70.
Repeat this card as needed to supply two-phase flow options for all systems.
Card 9 (Closed loop code card)
1-5 N37+1 I Close loop code for system 1: 	 57
11 0, open.
1, closed, TIN ( r+,A r) • Tout (r)
6-10 N37+2 I Close loop code for system 2.
Etc. through Column 70.
Repeat this card as needed to supply close loop codes for all systems.
Card 10 (For steady state solution involving parallel fluid flow)
1-5 N000+1 FP Inlet temperature for tube 1, OF
6-10 N000+2 FP Inlet temperature for tube 2, of
Etc. through Column 70.
Repeat this card as many times as necessary to supply an inlet temperature
for every tube in each system.
Card 11 (For steady state solution involving banks and headers
fluid flow) 
1-5 N32+1 FP Inlet temperature nor first tube
in first system, OF.
6-10 N32+2 FP Inlet temperature for first tube in
second system, OF.
Etc. through Column 70.
I 74
1
I^
Repeat this card as many times as needed to supply an inlet temperature
table number for, every tube in every system.
Fortran	 Analysis
Nomencla-	 Page
Columns ture	 Furm	 Description	 Reference
Card 12 (For transient solution involving parallel fluid flow)
	
1-5	 N32+1	 I	 Curve number of table for inlet
temperature of tube 1.
1	 6-10	 N32+2	 I	 Curve number of table for inlet
temperature of tube 2.
Etc. through Column 70.
Repeat this card as many times as needed to supply an inlet temperature table
number for every tube in every system.
Card 13 (For transient solution involving banks and headers fluid
flow)
I	 1-5	 N32+1	 I	 Curve number of table for inlet
temperature of first tube in
system 1.
	6-10	 N32+2	 I	 Curve number of table for inlet
temperature of first tube in
system 2.
Etc. through Column 70.
Repeat, this card as many times as needed to supply an inlet temperature table
number for the inlet tube in each system.
Card 14 (For steady state solution involving parallel fluid flow;
for transient solution involving parallel fluid flow if
NFD n 2 or 3)
	
1-5	 M35+1	 FP	 Flow rate of tube 1. lb/hr.
	
6-10	 M35+2
	
FP	 Flow rate of tube, lb/hr.
Etc. through Column 70.
Repeat this card as many times as needed to supply a flow rate for every tube
in every system.
75
l
fa
I
1
I
i
Fortran	 Analysis
Nomencla-	 Page
Col mm ture	 Form	 Description	 Reference
Card 15 (For steady state solution involving banks and headers
fluid flow; for transient solution involving banks and
headers fluid f.Low if NFD a 3, see paragraph 4.9)
	1-5	 N34+1	 FP	 Total flow rate in system 1 0 lb/hr.
	
6-10	 N34+2 	 FP	 Total flow rate in system 2. lb/hr.
Etc. through Column 70.
Repeat this card as many times as needed to supply a total flow rate in
each system.
Card 16 (For transient solution involving parallel fluid flow or
banks and headers fluid flow if NFD • 0)
	
1-5	 M,35+1	 I	 Curve number of table for total flow
rate in system 1.
6-lo	 M35+2	 I	 Curve number of table for total flow rate in
system 2.
Etc. through Column 70.
Repeat this card as many times as needed to supply a total flow rate curve
number for each r, ,n-two-phase system, and blond end for each two-phase-systern.
Card 17 (For transient solution involving parallel fluid flow
if NFD n 1)
	
1-5
	
M35+1 	 I	 Curve number of table for flow rate of tube 1.
	
6-10	 M35+2	 I	 Curve number of table for flow rate of tube 2.
Etc. through Column 70.
Repeat this card as many times as needed to supply a flow rate curve number
for every tube in every system.
Card 18 (If NFD n 3)
	1-5	 M35+1	 I	 Curve number for total flow in system 1 as
function of pressure drop.
	
6-10	 M35+2 	 I	 Curve number for total flow in system 2 as a
function of pressure drop.
76
1
Analysia
Page
Reference
Fortran
Nomencla-
Columns ture	 Form	 Description
Card 1_8 (Continued)
Etc. through Column 70.
Repeat this card as many times as needed to supply a curve number for each
system.
Card 19 (Requj.red for gradient only)
1-5 NCONC	 (1)	 I Conductivity curve number for f 1.n.
6-10 NCONC (2)	 I Emissivity curve number for fin.
11-15 NCONC (3)	 I Absorptivity curve number for fin.
16-20 FF	 FP Factor for estimating fin temperature
to be used for NCONC, NENC, ane. NABC
curve lookup, Tfin ' FF . Ti where Ti
is temperature of associated tube lump.
If not given, FF n 1.
21-2 5 FDEN	 FP Density of fin material, lbm/f t3.
Parameter Cards 20 and 21 and sometimes 22 are necessary for each valve in
non-restart data.	 Cards 20 and 22 can be included following Parameter Card
2 in restart data.	 Valves should be numbered 1 through NVLV. 	 Cards 20 and
21 (and 22) for one valve should be together but valve numbers need not be
in numerical order.	 The value of NCHTN (Card 21, Col. 5) influences the
format of the cards.
Ce._ rd 20 (For valves)
If NCHTN o Analysis
(Card 21	 Nomencla- Page
Columns Column 5 ture Form	 Description Reference
1-^ 1,2,3,4,5	 N41 + 1	 I	 Valve number.
4-5 1,2004,5	 N41 + 2	 I	 Operating Mode.
• 0, valve is operating.
0, valve is not operating.
A valve can essentially be
added on restart.
6-10 1,2,3,5
	
N41 + 3	 I	 Sensor lump number.	 If
the bypass tube is imaginary
and encompasses whole system,
NSLMP • 0.
77
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I.	 N
If NCHTN • Analysis
(Card 21 Nomenela- Page
Columns Column ture Form Description Reference
4 Blank
11-20 1,20#5 114 1	 + FP Minimum fraction of flow
F10.5 required through non-
bypass tube(s).
4
N4+ 1+
FP Minimum allowable proportioninngg valve
F10.5 position measured from left milli-inches
21-30 1, 2, 3, 5 NW. + 5 FP Maximum fraction of flow
F10.5 allowed through non-bypass
tube(s ).
4 N41 + 5 FP Maximum allowable propor-
F10.5 tinning valve position
measured from left. 	 Milli-
inches.
31-401 N41. + 6 FP Set point temperature OF. 49
F10.5
2 Blank
3,5 Not + 6 FP Sensor lump temperature- OF. 50
If sensor lump temperature
< T1,
+ 3 valve closes,
- 3 valve opens
(see Column 5, Card 21).
4 N41 + 6 FP Maximum possible proportioning
F10.5 valve position measured frorn
left.	 Milli - inches.
41-50 1 N41 + FP Bypass valve dead band of 49
F10.5
2,4 Blank
3,5 N41 + 7 FP Sensor lump temperature- OF. 50
F10.5 If sensor lump temperature
> T2,
+ 3 valve opens
- 3 valve closes
(see Column 5, Card 21).
51-6o 1 N41 + & FP Rate factor.	 Bypass valve. 49
F10.5 Units are fraction bass
per hour per degree "F.
i
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rIf NCHTN n
(Card 21 Nomencla-
Columns Colwnn 55 tune Form Description
d
20,40 Plank
61-70 1 N41 + FP Bypass valve.	 Rate limit.
F10.5 Usual value .033.	 Units are
fraction bypass per hour.
20, 4 ,5 Plank
Ca_ rd 21 (For valves)
1-3 1,20,4,5 N41 + 10 I Number of system containing
valve.
4-5 19293,495 N4 	 + 1.1 I Characterization code -
t 1, rate limit bypass
2, polynomial bypass
+ 3, on/off, -3 off/ on
4, proportioning
5, switching
6-10 102.93 N41 + 12 I Number of first tube on
bypass side.
4,5 N41 + 12 I Number of first tube on
right side.	 Right side
of switching valve closes
when T < Tl (Col. 31-40,
Card 20) .
11-15 11 2, 3, 4, 5 N41 + 13 I Number of "from" tube.
16-20 1, 2, 3, 4, 5 N41 + 1.4 I Number of "to" tube.
21-30 1 N41, + 15 FP Initial fraction of flow
F10.5 assigned to non-bypass
tube(s).
2,3 Blank
4 N4.1 + 15 FP Initial proportioning
F10.5 valve position measured
from left.
5 N41 + 15 FP Initial fraction of flow
F10.5 assigned to tube(s) on
left.	 Must be 0 or 1.
Analysis
Page
Reference
49
50
47
48
48
79
Coefficients in fraction bypapa •
Ao+ Al T+ A2T2 + A3 V + A4;
where T • temparatur sensor
lump (OF).
46
i
Ca_ rd 22 (Necessary only if NCHTN • 2 or 4)
Nomencla-
Columns tune Form
If NCHTN • 20
1-10 Ao(N41+16) FP
11-20 Al(N41+17) F10.5
21-30 A2 N41+18
31-4o A3 N41+19
41-50 Al! N41+20
If WHTN • 40
1-10 N41 + 16 FP
x10.5
11-20 N41 + 17 FP
F10.5
Ana:'.yeis
Page
Description
	
Reference
Proportioning valve gain. Usual value
	
50
1.155. Units are Milli -inches per .
Panel parameter. Usual value 2.
21
-30	 N41 + la FP	 Geometry factor. Usual value .03.
F10.5 Units are milli-inches
GFACT • (2.9'2)(10-6)(P)
where D is valve orifice diameter
in milli-inches.
31-4o	 N41 + 19 FP	 Proportioning valve null position
F10.5 tolerance. Usual value .001.
Milli-inches.
Card 2 (For each system in which two-phase flow is being
considered)
1-5
	
NSYS	 I	 System Number.
6-10	 M453 + 1 I
	
Curve number of entering gas pressure.
11-15
	
Ml + 1 I
	
Curve number of viscosity of non-
condensible component.
16-20
	 M32 + 1 I
	
Curve number of viscosity of con-
densible component.
21-25	 M3 + 1 I	 Curve number of viscosity of liquid.
26-30
	 Nm34 + 1 I	 Curve number of specific heat of non- 	 4
condensible component.
31-35	 M Q5 + 1 I
	
Curve number of specific heat of
condensible component.
80
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Analysis
Page
Reference
Nomenc la-
Columns ture Form Description
36-40 mM36 + 1 I Curve Ylt tuber of specific heat of
liquid.
41-45 MNI37 + 1 I Curve number of conductivity of
non-condensible component.
46-50 W8 + 1 I Curve number of conductivity of
condensible component.
51-55 X35 + 1 I Curve number of conductivity of
liquid.
56-60 MM40 + 1 I Curve number of latent heat of
vaporization.
61-65 MM41 + 1 I Curve number of Prandtl number
of liquid.
66-70 MM42 + 1 I Curve number of liquid density.
Follow card 23 by the appropriate card , 24 or 25.
Card 24 (NFD	 3)
1-5 14455 + 1 I Curve number of entering gas flow rate.
6-10 MM43 + 1 I Curve number of entering liquid flow
rate.
11-15 MM45 + 1 I Curve number of entering Non-condensibl%
component flow raise.
16-20 MM44 + 1 I Curve number of partial pressure of
vaporization.
21-30 MM52 + 1 F10.5 Value of diffusion coefficient at
60°r, 14.7 Ps ia, f t2Ar .
31-40 VM54 + 1 F10.5 Gas constant for condensible component;
f t-lb f/lbm-oR.
41-50 NM27 + 1 F10.5 Gas constant for non-condensible
component, f t-lb f/lbm-oR.
51-60 MM23 + 1 F10.5 Molecular weight ratio (weight of
condensible component to non-
condensible component).
45
r
/`1
iAnalysis
Nomencl.a- page
Columns tore Force Description Referent-
Card 2; (NFD • 3)
1-5 n'155 + 1	 I Curve number of ratio of gas flow tG total flow
rate in system (humidity versus WG).
6-10 I 44b + 1	 I Curve number of ratio of liquid flow rate to
total flow rate in system (humidity versus WL).
11-1; I,;	 1 4> + 1	 I Curve number of ratio of nun-coridensib,le flow
rate to total flow rate in system (i,urrnidity versus WO).
16-70 Same as Card 24 above.
Repeat Card ^3 followed by Card 24 or 25 for each system in which two-phase
flow is being considered.
Card 26 (For each system in which two-phase flow ire not being
considered)
1-5 I System number.
6-10 la + 1 1 Curve number of density.
11-15 142 + 1. I Curve number of conductivity.
16-20 I%0 + 1 I Curve number of specific heat.
21-25 M4 + 1 I Curve number of viscosity.
26-30 M5 + 1 T Curve number of friction factor.
Repeat Card 25 for each system in which two
-phase flow is not being;
considered.
Card 27
	
1-5	 mm63 + 1 I
	 Liquid separator lump fer system 1 (blank
for non-two-phase flow system, zero for
two-phase flow system without separator).
	
6-10	 n463 + 2 I
	 Liquid separator lump for system 2.
etc. through Column 70
Repeat this card as many times as needed to supply liquid separator option
for each system.
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1Thermal Conduction Data
All conduction data for fluid, tube and structure lumps is input
in terms of "from" and "to" data such as conduction "from" lump 1 "to" lump
2. Only unique conduction relationships should be specified so that if lump
1 conducts "to" lump 2 then conduction "from" lump 2 "to" lump 1 must not
be entered. Lumps can conduct to any number of numerically higher or lower
neighboring lumps.
The examples which follow show typical conduction data to illustrate
the method.
When tube-to-tube heat conduction is other than longitudinal con-
duction in a tube (for peripheral breakdowns, junctions .  and parallel
juxtapositioned tubes), conduction information should be input as shown in
the following examples for conduction from tube lump 1 to tube lump 2.
d	 '	 AE • exposed external
area of the tube
y	 lump.
00,
"To" Tube
	 Y	 lo, 	 the area of the
Irp	 i?'Yl = 	 tube lump in contact
0-1 b 	- - - - -	 with the fluid lump.
A
"From" Tube Lump
Temperature Node (Typical)
Schematic showing conduction breakdown of tube to account for peripheral
gradients.
111.011 IAIP
Y2 ///7\ Y2
Yl
Prod,
 Limp
Area a AeC = b •d
Schematic showing conduction input for conduction between tubes at a
junction.
i
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I,
i
I
i
I^
i
i
I
I
i
a
N
	
d/	/I 1\\///	 1/Yl ,^ `` 
	
/	 b d • Ago
From"	 Y2	 \11
Tube 
	
"To"
Tube
b
Schematic showing conduction for juxtapositioned tubes.
The tube to structure and structure to structure lump data is
input similarly.
d	 - --," ib
"From" Lump
7.,1
2 (10)	 il Tol# TIAMM
Conduction from tube lump 1 to structure lump 10
From" IWV
	
, To" Lump
b	 -
-^--	 -- — —
Conduction from structure lump 10 to structure lump 20
t
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15.2.2 ^F'luid Data CArd
Nomenc la-
C olunm
i
ture Form Description
Card 1
1-7 NFLT I Number of types of fluid lumps.
Card 2 (Type Data Card)
1-10 m6+1 F10.5 Fluid lump length, inches.
11-20 M7+1 F1:).5 Cross-sectional area of fluid
lumps, sq. inches.
21-30 h;qI F10.5 Wetted perimeter, inches.
31-35 M50+1 I Number of fluid lwilps conducted "to".
(See page 83 for example of conduction
data).	 Leave blank for two-phase flow
types.	 Used only if stagnant or frozen
fluid is being considered.
36-40 M51+1 I Number of tube lumps conducted "to".
(See page 83 for example of conduction
data).	 Leave blank for two-phase flow
] types.	 Used only if stagnant or frozen
fluid is being considered.
41-45 N36+1 F5.4 Factor for computing friction factor as
a function of Reynold's number.
	 Routine
sets to 1 if left blank.	 Leave blank
for two-phase flow types.
46-50 N38+1 I o 0 1 if this type of lump is not in the
heat exchanger.
w 1 1 if this type of lump is in the
j heat exchanger on the hot side.
• 2, if this type of lump is in the
heat exchanger on the cold side.
51-55 N51.+1 I s 01 use regular equation for heat trans-
fer coefficient OHO.
a 1, heat transfer coefficient WH) is a
function of w.
• 2, heat transfer eoeff q ient (MI) is
a function of St Pr/3.
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Nomencla-
Coluimis	 tLu,e	 Form
	
56-6o	 115P ,f1	 I
	
61.-65	 1,14 0+1.	 I
66-70	 mm56+1	 I
Description
If M01 - 1, curve number of
} i n f(cO.
If N71} I x 2, curve number of
StFr2M
 n f (He) .
If NIIIIli a 0, lcave blank.'
Number of A` curve for pressure
drop, leave blariP, for two- hase flow
types. (May be left blank.
Two-phase flow option for lump type
0) not two-phase flow type.
a 1, is two-please flow type.
i
i
If NFFCT + MCT > 0, enter Card 3.
Card 3 (For non-two-phase flow, fluid conduction only considered
when freeziru, occurs, see page 59)
1-10	 FAC	 F10.5 Factor for dividing conduction distances
and dimensions. Set equal to 1 if not
given. Used when conduction distances
do riot fit five column field.
11-15	 M53+1	 F5.5	 Conduction distance x FAC of this type
of "from" lump to first "to" lump.
16-20 M53+2 x'5.5 Conduction distance x FAC of first "to"
1LLii p listed for this type "from" lump.
21-25 x153 +3 F5.5 Dimensions x FAC for computing effective^^
conduction area for this type	 from	 lump
26-30 M53+4 F5.5 and first "to" lump.
31-35
36-4o
41-45
As above for second "to" lump.
46-50
51-55
66_65 As above for third "to" lump.
66-70
Repeat Card 3 as needed. FAC should be omitted on all cards which are a
repeat of card 4.
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J.
Repeat Card 2 (followed by Card 5 j if` needed) for every fluid l.wnp type.
NOTE; Any variation in lw.;p size, curve nurlber, nwnber of lumps
conducted "to" conduction distance or area, whether or not
the lump is in the heat exchanfer, or whether or not the
lump is two-phase flow can be in r.icated only by changing
the type rrur.bur.
Analysis
Nomencla-	 Page
Columns	 ture
	 F orr,r	 Descrl ption	 Reference
Card 4 (Fluid lwrijx: cards. One for each fluid 1 unp. The lumps
must be nwr,bered 1 through NTFI, and muint I)c ill numerical
order)
1-5 I Lw%p nwnber.
6-10 114.1.1 I Lwnp upstream. 	 If banks and headers
proble:rn, I1LU n 0 for first lw;ip i n
(( every tube.
I 11-15 N5 +1 I Tube riwnber.
16-20 149+1 I Type nwnber.
21-30 N3+1 F10.5 Initial temperature (of gas, for two-phase
flow lump; of fluid, for non-two-phase
flow lump, L .
31-40 MM14+1 F10.5 Pressure of gas.	 PSI:A (Leave blank on
non- two-phase flow lump.)
41-50 1021+1 Flo.,; Initial temperature of liquid for two-
please flow lumps oll .	 (Leave blank on
i non-two -phase flow lump.)
Card 5 (Follow Card 4 by Card 5 for each fluid lump which is
a non-two-prase flow lw., p )
1-5 M10+1 I First lunp conducted "to".
6-10 M1.0+2 I Second lwup conducted "to".
11-15 1410 +3 I LAC .
16-20 ti10+4 I The order in which the lumps conducted "to"
. are listed will depend upon the order in
which the conduction data was given on the
. type cards.
	 `line fluid lumps conducted "to"
• 0 (if any) must be listed before the tune
66-70 mo+1.4 I lumps conducted "to" (if any) .
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>r every lwnp. Tlie
If the nwi,ber of lwr,ps conducted "to" is treater than 14 repeat Card 5
as needed.
Nomencla-
Columns tune
	 Form	 Description
Card G (For lwnps on cold aisle of heat exchanC r only)
1-5	 I150+1	 I	 Number of adjacent lump on riot side
of regenerator.
ai
E
3
t
5..`'.3 '!`,it-(" J yeata	 CtoI,6;I
li-
Col vrrul t i tux.e For"% Description
Card 1
1•-^ TPIT11111 1 lliw; er o f types of tube lwnps.
Ca rd P	 (TY1 % .	 lk it t.1 ^;!'.)	 i )
1-5 h11_113 k'>.^' D(^risi t,;	 of tube material for type .1 ,
	 1b^i't^.
6-10 141?+1 1 Ct^rvr nwaber for co,iductivity.	 V
ll-15 m3 4 1 7 Curve number for specific heat,j6- PO ) mt4ii 1 Gur•ve number for absorptivity.
^'1--25 1 ,11541 1 Curve number for emissivity.
26
- 30 1 ,155+-1 ] Ntuuber of tube lumps conducted "to".
31°35 M56,i ] Mv;iber of fin lumps conducted "to".
36-• 1+0 MJ a.t1 I = 0 1
 lumps of this type have longitudinal
conduction.
1 )
 do not compute longitudinal cond.uctivr)
for lumps of this type.
1
41_5o X1 F10.5 Dirieiisions ) inches.	 Xl • X2 • X3 o Volume
51-60 X2 F10.5 X1/2 O Lonaitudiral Conduction L stance.
61-70 X3 F10.5 XP-X3 n Area for longitudinal conduction.
Card 3 (For grad Lent )
1-10 MOi 1 F10. 5 Area for heat transfer to enclosed
fluid lump, sq.	 in.
11-20 K194-1 F10.5 Area of surface for external radiation,
i;q.
	 in.
21--30 A(-.k Fio . 5 Area of surface for gradient effect.,
sq.	 in.
31-40 MR F10.5 Fin thickness for fin to right of tube)
inches.
41--50 11111'141 YI-0.5 Vin half width to right of tube .  inches.
# Se p: next page
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Card 3 (For n. dal)
1-20
	
See Card 3 for gradient.
9a
INomencla-
Colwlalr. tu.re Form Desrri A i c>:^
51 -60 F'IILII F10.5 Fin thickne.n;3 for fin to 1ef't of 	 Lut,c,
* inches.	 '
61 -'j0 FIIWL F10. 5 Fin half wi dt7,	 to	 lef t  oi'	 tul e,	 i i,c:h^!s .
*NO 2E; Use typical values of this inp,it for tunes wi tt, no
fins or gradient table will be vxrecde ci. 	 Then for
no heat to fin, set AGH a 0 ( see pag e 1 .3 wi , i Appendix
A).
Card It (For gradient if	 NTCT > 0.	 I	 C`i' r:us	 )(,	 0 ±', jr	 rrF dlent )
1-10 FAC F10.5 Factor for dividing, con(hw t.i.un distance:
and dimensions.	 Houtine wi7)	 sct to 1
if left blank,	 Used wltol n r,iunbor is too
small for five columi, field.
11-15 Yl F5.5 Conduction distance.	 FAC cif this type;
of "from" lwnp to first "to"
16-20 'Y2 F5.5 Conduction distance. 	 FO of f i r:A "to"
lump listed for i iris type "Trek" lur h.
21-25 B F5.5 Dimensions.	 FAC for com.putin t ; effective
conduction, area for this 	 type "f` o," liu%p
26-30 D F5.5 and first "to" lump.
31-35 Y1
36-4o
41-45
Y2
B
As above for second " f.o" lump.
46-5o D
51-55 Y1
56-6o
61-65
Y2
B
As above fir third "to" lwnp.
66-70 D
Repeat Card 4 as needed.	 FAC should be omitted on all cards which are a
repeat of Card 4.
Repeat Cards 2 and 3 (followed by Card 4 if needy d) for every tube lwt,p
type.
^v
I
,,
ii
None nc la-
Co! lwI ns Lure 1  Ue,	 scrij),.Aon
21-30 FAC F10.5 Factor for dividing conduction
distances and dimensions.	 •
31-35 1-158+1 F5.5 Conduction data for first "to"
36-40 M5 84.2 F5.5 1 ► mnp given for this type '"from"
41-45 14584.3 F5-5 lump.
46-50 1458-t4 F5.5
51-55 M58+5 F5.5 Conduction data for second "to"
56-60 M58+6 F5.5 lump.
61-65 M584.7 F5.5
66-70 1458+8 F5.5
If NPCT + NFCT > 2 0 follow with Card 4.
Card (For nodal, if tieeded for conduction)
1-10 Blank
11-15 M58+9 F5.5 Conduction data for third "to"
16-20 M58+10 F5.5 lump.
21-25 M58+11 F5.526-30 M58+12 F5.5
31-35 1458+13 Conduction data for fourth "to"
36-40 1458+14 lump.
41-45 M58+15
46
-50 1-158+16
51-55 M58+17 Conduction data for fiftli "to"
56-60 1458+18 lump.
61-65 M58+19
66-70 M58+20
Repeat Card 4 if NTCT + NFCT > 5.	 If NICT > 0, the data for tube lump "to"
tube lump must be given before the data for tube lump "to" fin lump.
Repeat Cards 2 and 3 (followed. by Card 4 if needed) for every tube lump
type.
Card 5 (Tube Lwnp Cards) (One for each tube lump. The lumps
must be nwnbered 1 through NTtL and must be entered in
numerical order.)
	
1-5	 I
	
Lump nwnber. .
	
6-10	 N10+1	 I	 Lump number of tube lump downstream.
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Nomencla-
Colwfuls tore Form Description
11-15 N9+1 I Lump number of enclosed fluid .
lWilp.
16-20 W12+1 I Type number of lump.
21-30 N8+1 F10.5 Initial temperature, °F.
31-35 Ql F5.2 Incident heat, value for steady
or or state.
RIC I Incident heat curve number for
transient.
36-40 TW F5.2 Constant, temperature, OF, for steady
or or state. 
NTWC I Constant temperature curve number
for transient (may be left blank).
For gradient solution:
41-45 LR I Lump number of tube lump to the
right.
46-50 o F? Incident heat for the fin to the
right of the tube lump, BTU/hr-ft2.
51-55 LL I Lump number of tube lump to the left.
56-60 qL FY Inc{dent heat for the fin tQ the left
of the tube lump, BTU/hr-f t` .
6165 NTU I First lump conducted "to".
66-70 NTL2 I Second lump conducted "to".
For a nodal solution:
41-45 W3+1 I First lump conducted "to".
46-50 b123+2 I Second lump conducted "to".
51-55 M23+3 I Etc.
56-60 M23+4 I The order in which the lumps conducted
"to" are listed will depend upon the order
61-65
' M23+5 I in which the conduction data was given on
the type cards.	 The tube lumps conducted
66-70 1, 23+6 I "to" (if any) must be listed b 'ore the
fin 1UMPS conducted "to" (if any) .
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Noma,-nc la-
Collurui s tore Form	 Description
Cara 6 (Continuation of list of lumps conducted "to". If the
number of lumps conducted "to" is grej.iLer than 6(for nodal
or 2 (for gradient), follow Card 5 with Card 6.)
1-5 i u?3+'( ::	 Next, luurp conducted "to".
6-lo ff- 3+8 Next lur;p conducted "to".
Etc. to
66-70 IV3+2o
Repeat Card 6 as neeaea to list all lumps.
rt
r
Repeat Card 5 followed by Card 6 (if' required) for every lump. The lumps
must be given in increasing numerical order.
r>a
1
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'Struc ture Da to Card or Nodal. Solution
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1Vomenc la-
Coluxrns ture Forin Descrip#.ion
Card
1-5 NT I Number of types of structure lumps.
Card 2 (Structure Lump Type Cards)
1-5 N18+1 F5.2 Density of fin material. lb/ft3
6-10 N19+1 I Conductivity curve number.
11-15 1120+1 I Specific heat curve number.
16-20 1121+1 I Absorptivity curve number.
21-25 N22+1 I Emissivity curve number.
26-30 M59+1 I Number of fin lumps conducted "to"
by lumps of this type.
31-40 X1 F10.5 Dimensions of lump, inches.
41-50 X2 F10.5 X1-X2-X3 = Volume -
51-6o X3 F10. 5 X'.-X2 = External radiation area.
If NFCT > 00 enter Card 3.
Card 3 «
1-10 FAC F10.5 Factor for dividing conduction distances
and dimensions.	 Routine sets to :^. if not	 J/
given.	 Use when numbers are too small to fit'
five column field.
11-Yi 1461+1 F5.5 Data for conduction to first lump conducted
16-20 pg61+2 F5.5 "to" by this type lump.
21-25 M61+^ F5.5
26-30 m6l+ F5.5
31-35 M61+5 Data for second lump conducted
36-40 :.161+6 b4	 this type lump.
41-45 M61+7
46-K.0 x,161+8
51-5; h:61+9 Data f or third lump conducted "to"
56-60 m61+-10 by this type lump.
61-65 x151+' 1
66-70 1.161+12
i
^1'
Nome r1c la -
Colutr:ti i tlLre Form Description
If' Ntl'CT > 3,	 repeat Carol 3 as needed.	 FAC should be omitted on all cards
Which care a rel)unt, of Card 3.
Rcpca't, Card 2 (f'oJ lowed by Card 3 if needed) for every f in lurr,p type .
Card (Struct.ure Lwnp Cards)	 (one for each structure lwr.p.
The lwnps must be numbered 1 through NSL and rnu^ , t Le
ent; l r(,!t1 J rl numerical order.)
1-5 LN I Lump number.
6-10 4, l I Type number of lump.
11-20 lVX51.-^ Y *10, 5 Initial temperature of lwnp, OF .
21-25 1126+1 F5.2 Incident heat for steady state
or or
?. Incident heat curve number,	 trf:n.^ i ent..
26-30 Y5 P Constant temperature, steady stag;
oz • or
1 Constant temperature c ,-Wve nwrnber,
transient (may be left blank).
31 - 35 N30+1 I First lump conducted "to".
36-40 N30+2 I Second lump conducted "to"
41-45 1130+3 I Etc.
46-50 id )o C I E I The order in which the lump: conducted
51 -' 55 N30+5 I "to" are listed will depend upon the
56-60 N30.,_6 I order in which the conduction data was
61-65 N30+7 I given on the type cards.
Y
ii
66-70 1430+8	 I
Card 5 (Continuation of list of lumps conducted "to". If the number
.^	
of lumps conducted "to" is greater than 8, follow Card 4
with Card 5.)
1- 5 	 N30+9	 I	 Ninth lump conducted "to"
6-10
11-15
E n^^ . to
I
j 
ft
Nomencla-
Columns ture	 Form	 DescriEtion
66-70 N30+22	 Twenty-second lump conducted "to".
r
Repeat Card 5 if number of lwnps conducted "to" is greater than 22.
I	 Repeat Card 4 followed by Card 5 (if required) for every lump. The lumps
must be entered in increasing numerical order.
I
t
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5.2.5	 Fuel Cell and Inline Heater Data
It is assumed that every system that has a fuel cell has an inline
heater and vice versa and, in addition, that no system may contain more than
one of each.
Immediately following the last structure lump cards
Card FCCRV-1
Nomencla-
Columns ture
	 Form	 Description
1-5	 MM87+1 	 I	 No. of oxygen enthalpy vs. temperature curve.
6-10	 MM88+1 	 I	 No. of total power vs. time curve.
Card FCCD-1
1	 MM80+1
2	 MM80+2
etc. through Column 70.
I	 Fuel cell and inline heater code for system 1
0 0 the system does not contain a
fuel cell and inline heater.
1, the system does contain a fuel
cell and inline heater, and the
fuel cell is operating.
> 1, the system does contain a fuel
cell and inline heater, but the
fuel cell is turned off.
I	 Fuel cell and inline heater code for System 2.
Repeat this card as many times as necessary to supply a fuel cell/inline
heater code for each system.
Card FC-1
	
1-5	 MM81-1.1	 I	 Fuel cell ( structure) lump for first system
that contains a fuel cell.
	
6-10	 MM89+1	 I	 No. of vapor pressure vs. temperature vs. per-
cent KOH vs. dummy variable curve.
	
11-20	 MM82+1	 FP
F10.5
	
21-30	 MM83+1	 FP
F10.5
	
31-40	 MM84+1	 FP
F10.5
Jydrogen reactant temperature for first system
that contains a fuel cell, degrees Fahrenheit.
Oxygen reactant temperature for first system
that contains a fuel cell, degrees Fahrenheit.
Initial percent potassium hydroxise concentration
in the first system that contains a fuel cell.
Na
Nomencla-
Columns ture	 Form	 Description
41-5v	 MM85+1 	 FP	 Fuel cell thermal capacity of the first system
F1015 that contains a fuel cell, BTU per degree
Fahrenheit.
51-60 MM86+1 FP	 Mass of potassium hydroxide in the first system
F10.5	 that contains a fuel cell, LBm
Repeat FC card until Fuel Cell parameters have been supplied (only) for each
system containing a fuel cell/inline heater.
Card LS-1 (Supplies coefficients for the fuel cell performance
equation written in the form V - ( a iTstacki+bi)Ii +
c i Tstacki + di + ei ( . 73 - PKOh))
1-10 IC0EFA+1 FP	 al.
E10-3
11-20 ICOEFB+1 FP	 bl, adjusted for Tstack in degrees Rankine.
E10.3
21-30 IC0EFC+1 FP	 c .1
E10.3I	
31-40 ICOEFD+1 FP	 dl, adjusted for Tstack in degrees Rankine.
E10.3
#	 41-50 ICOEFE+I FP	 el.
E10.3
Repeat LS card until performance coefficients have been supplied (only) for
each system containing a fuel cell/inline heater.
Card IH-1
+	 1-5 1HLUMP+1 I Inline heater (tube) lump for first system that
contains an inline heater.
6-10 IHSENS+1 I Inline heater sensor (fluid) lump for first
system that contains an inline heater.
11-20 IHPWRW+1 FP Inline heater power for first system that
F10.5 contains an inline heater, watts.
21-30 IHT0N+1 FP "On" temperature for first system that con-
F10.5 tains an inline heater, degrees Fahrenheit.
3140 IHTOFF+1 FP "Off" temperature for first system that con-
F10.5 tains an inline heater, degrees Fahrenheit.
Repeat IH card until inline heater parameters have been supplied (only) for
each system containing a fuel cell/inline heater.
I	 )6b
on
.I
It
5.2.6ury __^ dz
Card 1 is Followed by Card 2 through 2NP/7 for each curve.	 Curves trey
be entered in any order.
Nomencla-
Columns	 ture	 Form Description
Card
	
(Curve-Header Card)
^•5	 XCRV	 I Kind of curve code.
0 9( curve for pressure drop, dimensionless n f (Re)*
1 Density of fluid or liquid, lbm/ft3 n f(OF)
2 Viscosity of fluid, liquid, condensible or
non-condensible component, (lbm/ft-sec)
(x 103 )	 n f(oF). 1
3 Friction factor for fluid, F x '103 • f(Re x 10"3).
(Used when Re > 2000)0
k Conductivity, BTU/hr-ft of n f(oF).
5 Specific heat, BTU/lbm OF n f (oF) .
6 Absorptivity, Dimensionless .• f(oF).
7 Emiseivity, Dimensionless • f(oF).
8 Gradient (used for gradient solution).
- dA )dX a gee, Or, NO
9 Incident heat	 BTU/hr-ft2 n f(hours) (used
for transient.
10 Constant temperature, of • f (hours) (used, for
transient).
11	 Flow rate curve (total flow rate). If transient
and NFD n 0, total flow rate w f (time ),
lbm/hr • f(hours).
If transient and NFD n 1, , flow rate for each
tube n f ( time) .
If NFD n 3, for either steady state or transient,
total flow rate n f(pressure drop).
lbm/hr n f(1000 x lbf/sq. in.).
12	 Fluid inlet temperature, of • f(hours). (Used
for transient).
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NNomencla-
Colw=s	 ture Form Description	 .
14 Latent heat of vaporization, BTU/lbm • f(oF).
15 Prandtl Number of liquid, Dimensionless n f (°F ).
16 Partial pressurea a: of vapor, psi& n f(op).
17 Entering flow rates of liquid, gas or
non-condensible, lbm/hr n f (hours ).
18 Entering gas pressure, psia n f(hours).
24 St Pr2/3 a f(Re).
25 Heat transfer coefficient (HHH) a f(w) curve.
44 Incident hest curve identical to curve type 9
except that it will not be part of a flux taps:
should one bo called for, BTU/hr-ft2 = f (time). 
45 Oxygen enthalpy, BTU = f (oF).
46 Total. power output required from' all operating
fuel cells, watts U f (time)
47 Fuel cell vapor pressure, psig a f (OF, J°KOH.,
dummy variable).
tag flael cell voltage curve
	 Volts -- *f ( °F,TFP, % KOH)
13 'Phis card signals the END OF CURVE DATA.
6-10	 NC I Curve number.
11-15	 NP I Number of points on curve (NP).	 For gradient
NXl curve, number of X1 values (NX1).
16-20	 Blank except for tri-variant curve.
NX2 I Number of X2 values.
21-25	 Blank except for,tri-variant curve.
NX3 I Number of X3 values.
26-72 May be used for curve title.
Cards 2 throuGh,2NP 7 (Curve Data Cards, except for tri-variant curve)
1-10	 X1 FP Independent variable.
Flo-5
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iNume rzc la -
C olumns turd
	
Form
ll-.)O	 x
"i - 30
	 X.j
i,tc.
Y1	 1,1,
lao . 5
Y`
Y3
Description
I>t^pen(1( nt variable.
.),,art Yl in the first field after XNp.
Lo not in ite beyond C;oftunn '(0.
If the number cal.' points l;ivexi is 1, the value i.n Columns 11-^0 will be used
"or the dependent variable.
Cards 2 through (NXI + NX2 + NX3 + NU • NX2 IC{ 3 )Z (7
For tri-varient curve.
1-5	 XIl	 FP	 Values for the independent variable Xl.
U-10	 XI2
11-1. 5
	X13
Z:tc .	 XINXI
..;tart 1 "R1 in first field after. XINy
X21	 YIP	 Values for the independent variable X2.
F 5.1,
X24
Etc .	 X2NX2
;tart x;31 in the first field after X2N}{2.
X31	FP	 Values for the independent variable X3.
F5.4
x32
E, I%.-, 	 x3NX3
98a
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sWornenc la-
Columns turd	 Forte	 Jsa	 n
"tart the values for the dependent variable in the first Sield after X3rp{3
Fixed point, (F10.4). r,nter values of Y.
Y1,1,1
Y1,1.2
Y1,1, 3
Etc.
Y1,1,NX3
Y1,2.1
Y1,2,2
Y1,2,3
Etc.
Y1,2,NX3
Etc.
Yl, NX2, MQ
Etc.
mil, NX2, NX3
inhere Y1,1,1 is the dependent variable corresponding to X?.l, X21, and x31)
YNXl, NX2, NX3 is the dependent variable corresponding to XlWl, X2NX2 # X3NX 3 -
NX1 • number of X1 independent variable points.
WX2 a number of X2 independent variable points.
NX3 n number of X3 independent variable points.
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Nomencla-
Columns ture	 Form Description
Card 1
1-5 +)t used
6-10 Not used
11-1; NTE	 I Number of Theta E values.
16-20 NTR	 I Number of Theta R irslues.
21-25 Mc	 I Number of Nc iralues.
26-67 Any alphanumeric information.
Card 2 through K where K - ^^.^= + 1
1-5 THETA El	 FP
6-10 =0TA E2	 FP
11-15 Etc.
THETA ENTE
THETA Rl follows in next field after last META E
TH M R2
Etc.
THETA RNTR
FNC,
FNC21
rJ
5.2.7	 Gradient `sable Computation Cords
If a gradient solution is indicated, the option M7C - 1, (Parameter
Card 3) is used and a gradient curve is not included in the data, the following
card must follow the Curve Type Curd 13.
Etc.
FNCNNC
dNomencla-
Colwnns ture Form Description 
LAS'r CARD
1-5 TDA F'P Assumed value of first derivative
(do/dx) ( gels Orls No1)
6-10 :I FP Theta at X • XI
11-15 XT 1111 Lowcx limit of integration interval.
16-20 DX FP Integration increment.
11-25 XL FP Upper limit of integration interval.
26-3o DXP FP Not usel in SUBI but must be greater than
DX for numerical integration.
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i5.2.8 Known Meat Load Cards,
If MMAT 0 0 (on the second parameter card), omit the Last tempera-6
tore data (for steady state solution only) and input a total of XMT cards
of this type (see page 54 of Analysis Section).
r
Nomencla-
Colw= ture Formw Description
1-5 QLOAD FP Total heat rejected, STJ/hr. Which is known
heat load.
6-10 EMIS FP Emissivity of radiator surface.
11-15 AREA FP Total area of radiator surface, sq. ft.
1620 CP FP Specific heat of radiator fluid (BTU/lb).
21-25 CZERO FF Increment ( OF) for adjusting inlet taTerature
for iteration.	 Routine sets to We if blank.
2630 ENU FP Fin effectiveness.	 Routine sets to .7 if
not given.
31-35 TOL FP Tolerance factor for comparinf gL40AD With
computed value in routime	 Routine sets to
001 if left blank.
36-40 my I Number of iterations to be allowed.
.
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5.3	 Interruption and Re-start Procedure
The following conditions during execution will cause a problem to
be discontinued by writing the data and variable blocks of core storage
on a binary tape:
1. Using the IDUMP • 1 option
2. Exceeding the maximum number of iterations desired for a steady-
state solution.
3. Exceeding the computer request time which is input on the
second parameter card.
4. Setting down Sense Switch 5 to interrupt a run and cause an
exit to the next job.
5.3.1	 Tape Requirements
The binary tape used for writing is loaded on logical unit 11
(A6 at LTV and at NASA). If a dump is expected, a request to ring and
mount a blank tape on A6 should be made on the computer request card. All
sets of data which are loaded together will dump on the same tape.
The binary dump tape is loaded on logical unit 12 (A7 at LTV,
B6 at NASA) for a re-start. If a data set is dumped again, it will be
written on a blank tape on A6. Thus, for certain runs, two tape units
are required.
5.3.2	 Data Cards for Re-starting
The first set of data which dumps on the binary tape will be
identified as Data Set No. 1 and all following sets which dump will be
identified as the set number given on the parameter card and on the listing.
These set numbers need not be in consecutive order but must be greater than
1 (one).
Input the first two pa.raineter cards, in order, for every set of
data which was dumped on the same tape. A "1" in column 38 of the second
card indicates that the problem should be re-started and a "2" in column 38
indicates that the problem should not be re-started. This is needed to
by-pass a set of data on the dump tape and position the tape to read the
next set. Parameter cards 20 and 22 can be included if NVLRS ¢ 0. Any
items can be changed on these except NVLVN.
The alphanumeric characters for the page heading and any of the
paxametera ;on Card 2 may be changed for the re-start.
If a steady-state solution was completed and dumzped by using the
IDUMP option, SSTEST must be decreased for a re-start.
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tIf a steady-state solution was dumped because of excessive itera-
tion, the value fur MAXI must be increased for re-starting.
If a transient problem was completed and dumped with the IDUMP
option, the value of TAU must be increased for re-starting.
Ii a problem was dumped because of excessive computer time or 	 P
a run was interrupted using Sense Switch 5, the problem may be re-started
without changing any of the parameters.
There will be a p r.J.nting of regular output at the time of re-start
which should be identical to the pi inting at the time of interruption.
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5.4	 Assembl. of Binary Obj ct Deck and Data
The order of assembly for the routine deck and data is given
below. The order of subroutines within a chain it optional. If clock
reading subroutines (RESET and CLOCK) are available on the FORTRAN MONITOR
library tape, the subroutines RESET, CLOCK, and WCLCK can be removed from
each chain. If the simultaneous equation subroutine (XSII+W) is avail-
able on the FORTRAN MONITOR library tape, the subroutine XSIMEW can be
removed from Chain 5. Refer to the Fortran II Manual for information on
Monitor control Cards. Numbers in parentheses foUavin3 subroutine names
are number of cards in binary deck.
5.4.1	 Chain 1
1. Monitor Control Cards
a. ID Card
b. XEQ
c. CHAIN (1,;
2. Binary Decks
a. Chain link 1 routine 	 167
b. SUBP	 4
c. RESET	 3
d. CLOCK	 3
e. WCLCK	 1 4
5.4.2	 Chain 2
1. Monitor Control Cards
a. CHAIN (2, 4)
2. Binary Decks
a. Chain link 2 routine
	 7
b. SUBA	 101
co SUBS	 99
d. SUBP	 4
e. RESET	 3
f. CLOCK	 3
g. WCLCK	 1 4
5.4.3	 Chain 3
1. Monitor Control Cards
a. CHAIN (324)
1
x
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2. Binary Decks	 '
a.	 Chain link 3 routine 53
b.	 SUBP 4
c.	 RESET 3
fit.	 CLOCK 3
e.	 WCLCK !^
5.4.4	 Chain 4
1. Monitor Control Cards
a.	 CHAIN (4,4)
2. Binary Decks
a.	 Chain link 4 routine
b.	 SUBI
^139^
38
and all associated subroutines
including LVD205 which is the
package of subroutines for num-
erical integration:
ERROR 3
PRINT 3
IAVBLK 17
c.	 SUBP 4
1
d.	 RESET 3	 •
e.	 CLOCK 3
f.	 WCLCK 4
5.4.5	 Chain 5
1. Monitor Control Cards
a.	 CHAIN (594)
2. Binary Decks
a.	 Chain link 5 routine 351
b.	 SUBDP 339
c.	 SUBEND 39
d.	 SUBWT 8
e.	 START 5
f.	 CHECK 10
g.	 SURVEY 9
h.	 POL 10
i.	 TRPOL 23
J. xsnw 23
k.	 SUBP 4
1.	 F'LARAN 9
m.	 REVPOL 11
n.	 TABLE 14
r
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o. RESET (10)
P. CIA= (	 3)
q. WCLCK (	 4)
5.4.6	 Data
1. Monitor Control Ceirds
a. DATA
2. The data following the DATA control card in the order in
which it appears in the instructions for preparation.
a. Parameter cards.
b. Fluid lump: data.
c. Tube lump data.
d. Fin lump data (for nodal only).
f. Curve data.
1 The curves may be in mW order.
2 The last card of the curve data must be the end
of the curve data card (Type 13)0
g. If the gradient curve is not given and the option
MGTC • ,I is chosen, the input Yor BVBI will follow
the end of curve data card.
h. Known ;-at load data (for XMT 0 0).
3. Other sets of data may follow if more than one problem is
to be executed. However, there is no carry over of data
between problems. Every data set must be- complete.
For certs.An types of problems, nodal, for example, dvme>^y subroutines
can be uied to save space in the machine and allow for a larger data array.
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5.0	 CORE STORAGE SPACE REQUNP3
Almost all of the input to this routine is stored in a block of core
called DATA. Basically, the size of this block Is determined by the size of
7090 core (32768 locations) and the size of the Chain 5 link. The size of the
DATA block is fixed by subroutine START s`wh that the am of locations ujnd in
all subroutines plus the DATA block will not exceed the core. Increases or do-.
creases in subroutine locations used require Weasssmbly of subroutine START to
change the allowable data block site.
5. 5.1	 Breakdown of Core §Lxoe
The following values tire based on the Fortran II Monitor Aystcm,,
Nmber Core
Item	 Locations Used
10 System	 100
2. Chain 5 fain Routine
	
7246
3. sUBDP	 7157
4. 3Ur;ND	 621
5. SUBWT	 142
6. START
	
71
7, CHECK
	
184
8. SURVEY
	
152
9, POL	 186
10, TRPOL (448 locations but du=y for nodal • 	 49^
11. FLARAN	 177
12, TABLE
	
301
13. REVPOL	 203
14, sUBP
	
50
15. RESET	 177
16, CLOCK
	
28
17. WCLCK
	 71
18, Library Subroutines (including X81HW) 	 2805
19, I/ 0 Buffers	 205
20, Some Data Space not in Data	
4
21, DATA	 12^
	
.
515. 2	 Breakdown of DATA Block Size
A, Basic formula for determining amount of core space in DATA
block that a radiator setup will require:,
31 NSYS + 15 NAM + 18 IOW + 26 NM + 14 1DW + 9 Nm
+ 3 (NP'I'OT + WMW) + NLCTBT + CURSP
B, In Addition:
1. If this io a banks and headers problem (UK f 0), add
the following to basic formula:
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:
NM + 2 NFLOW? + MAXTB + (MAXTB - 2) 2  + FPSP
2. If now flow can possibly bypass the radiator (NW 0 0)'1
{	 add the following to basic formula:
8NBn
3. If the problem includes a Regenerator setup (MEG $ 0)0
add the following to basic formula:
3NSYS + 11WLT
4. If freezing is to be considered (W 0 0), add the following
to the basin formula:
IN U13E + 3 (AF"iW + NFMT) + NLCT]W
5. For a nodal problem (NSL > 0) ,O add the following to the
basic formula:
8NT + 6NSL + 3NSTOS + NLCTBS
6. For a ,gradient problem (NSL • 0)p add the following to the
basic formula:
5AMT + 4NTML + OCURSP
C. Identification of symbols used in above formulas.
1. CURSP - Curve space for all curves except gradient curve.
CURSP =NCR 4. 2NP
where NCR - Number of curves other than gradient.
NP - Number of points on all curves other than
gradient.
2. FPSP - Flow path apace. Number of 5 column 'fields on
Parameter Card 7 containing segment numbers (do not
count blank fields).
3. OCURSP - Gradient curve space.
OCLWP • WE + NM + NIA + (ME) (MR) (NM) + 3
where NM - Number of 0e values in gradient table.
NM - Number of Or values in gradient table.
NW - Number of Nc values in gradient table.
4. MAXTB - Number of tubes in system having greatest number
of tubes.
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5. XrL,OWP - Total number of flow paths in all systems.
6. FEW - Number of types of fluid luimps.
7. + X" M) - Number of sets of conlu+ction data given
on t .e fluid type cards.
XFW • Total of number of fluid lumps conducted " Lo" as
listed in columns 31-35 on Fluid Data Card 2.
MOT - Total of number of tube lumps conducted "to" as
listed in columns 3640 on Fluid Data Card, 2.
8. MLCTW - Number of lumps conducted "to" by fluid lumps.
This is a count of all lumps listed as being
conducted "to" on Structure Data Cards 4 and 5.
9. NLCTBS - Number of lumps conducted "to" by structure lumps.
A count of all lusps listed as being conducted
"to" on Str ► ^ture Data Cards 4 and 5•
l0. NLCTBT • Number of lumps conducted "to" by tube lumps.
A count of all lumps listed as being conducted
"to" on Tube Data Cards 5 and 6.
ll. M4LT • Number of types of tube lumps.
129 NSL - Number of structure lumps.
13. NBTOS - Number of sets of conduction data given on the
structure type cards. It is also the total number
of structure lumps conducted "to" as listed in
columns 26-30 on Structure Data Card 2.
14. NSYS • Number of systems.
15. NT - Number of types of structure lumps.
16. NM - Number of fluid lumps.
17. NM - Number of tube lumps.
18.NTTOT	 - Number of sets of conduction data(	 + Nl'1'OS)giveng
on the tube type cards.
uNTTOT - Total of number of tube lumps conducted "to" as
listed in columns 26.30 on Tube Data Card 2.
NTTOS • Total of number of structure lumps conducted "to"
as listed in columns 31.35 on Tube Data Card 2.
19. NrJ= • Total number of tubes in all systems.
P 110
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a5.6	 MRC1R MESSAW
A resume of errors detected in reading, the data will be printed
throughout the data listing. If errors are found, the statement "Run
discontinued because of error in date" will bo printed at the end of the
data listing. Some errors prevent, the continuance of data reading and an
immediate stop occurs.
All error messages in Chain 5 sia self-explimtory with the ex-
ception of the one in SUBDP. '1'o save core space but still facilitate error
tracking, instead of explaining the error in detail, the value of an error
code KON7 was varied. For better understanding of the error message "Errdr
in SUMP KON7 • X", a table showing correlation between all possible values
of KONG' and probable errors follows.
W
	
zolanstion
0	 In using the interpolation subroutine POI, on the
inlet temperature curves, a variable was found to
be out of the range of the table.
1	 In using the interpolation subroutine PM on the
flow rate curves • f ( time ), a variable was found to
be out of the range of the table.
2	 The last tube in some system does a not have the
largest number of any tube in that oyetem, thr. first
tube in some system does not have the smallest num-
bar of any tube in that system, or a number has been
skipped in numbering the tubes. Check Parameter
Card 7.
3,4	 In using the interpolation subroutine PM on the
flow rate curves • f(time), a variable was found to
be out of the re ,.ige of the table.
5	 In using the interpolation subroutine PM on the
pressure lose curves, friction factor curves,
specific heat curves, viscosity curves, or density
curves, a variable was found to be out of the range
of a table.
6	 Check Parameter Card 7.
7	 The first tube in some system does no. have the
smallest number of any tube iL that system. Check
Parameter Card 79
8	 Check ka►rameter Card 7. Possibly two flow patba
begin with the same tube but end with two different
tubes.
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9 Check Parameter Card 79
10 The last tube in some system does not have the
largest number of any tube in that system.	 Check
Parameter Card 7.
1.,12 In using the interpolatiwa subroutine POL on the
enthalpy curves, a variable was found to be out c f
the range c►f a table.
13,14 Check Parameter Card 7.
15 The first tube in a system is frozen.
16 The last tube in a syst ► +m in frozen.
17olB Check Parameter Card 7.
19 In using interpolation subroutine POL on inlet
temperature curves, a variable was found to be out
of the range of a table.
20,21 In using the. interpolation subroutine POL on the
enthalpy curves, a variable was found to be out
of the range of the table.
22 Branch of computer routine entered illegally.
23,240 26,27 Check Parameter Cards 15 and 7 to see that the
flow paths are correct or that the valve is in
the correct system.
25 A proportioning valve has been included in a
parallel flow system.
28 In using the interpolation subroutine POL on the
MW curves, a variable was found to be out of the
range of the table.
29 In using the interpolation subroutine POL on the
density of the liquid curve, a variable was found
' to be out of the range of the table.
30 In using the interpolation subroutine POL on the
entering flow rate of the liquid, a variable was
found to be out of the rate of tae table.
31 In using the interpolation subroutine POL on the
two-phase flow viscosity curves, a variable was
found to be out of the range of the table.
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32
	
	 In using the interpolation subroutine FM on the
two-phase flow specific heat curves, a variable was
found to be out of the range of a table.
33
	
	
In using the interpolation subroutine t'OL on the
two-phase flow internal curve of area ratio versus
X To a variable was found to be out of the range
of the table.
All of the above errors will cause the problem to be terminated.
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t6.o	 SAMPLE PROBLEM
6.1
	
THERMAL AND FLOW SYSTEM MODEL
A simple problem designed to represent the type of system used for
Apollo fuel cell heat rejection was prepared to check out the routine. A
schematic of the system, Figure 10, shows the lump and tube numbering
scheme. The data input is not representative of the actual Apollo fuel
cell cooling system and should not be compared with Down test data in any
attempt to verify the computer routine or data input. The condenser input
was modified to satisfy the length requirement for condensing lumps (page
44) but the data was not changed so that the length of the condenser would
be accurate. Also, the area for heat transfer was not changed to be equiva-
lent to (length) x (wetted perimeter) of the fluid lump. Despite the dis•
crepancies which exist, the run illustrates a sample data input and output.
6.2	 INPUT DATA LISTING
The input data for the system shown in Figure 10 are sbM4m in the
input forma-, required for Data Cards in Table 2 .
6.3	 CHECKOUT PRINT
The data was run for checkout printing which is shown in Table 3 .
An explanation of the terms in the order of appearance is given below.
SUBDP Checkout Printing for Non Two-Phase Flow Lumps
I	 Lump Number
NPT Type Lump
NTB	 Tube Containing I
FREZ 0 is not frozen, 1 if frozen
DEN
	
Lump density
UI	 Lump viscosity
FLL Lump length
CSA	 Cross.-section area
WP	 Wetted perimeter
RE	 Reynolds Number
F	 Friction factor
FR	 Flow rate
FR	 Lump pressure drop from viscous loss
DMX Lump pressure drop from "K" loss
SH	 Lump specific heat
DPTB Accumulated tube pressure drop
DPRAD Radiator pressure drop
SUBDP Checkout Printing for Two-Phase Flow Lumps
I	 Lump number
NTUBE Tube number
FLL	 "Length
WDOTG Gas flow rate
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PPD SECONDARY LOO P MOCK UP FOR PARTIAL CHECK MUT 2—PHASE
1 •f
I
13
PC1
(11PC2
PC3
PC6
PC7
PC7
PC8
PC9
PCi3
PC1S
PC18
PC20
PC21
PC20
PC21
PC20
PC21
PC22
PC23
PC25
PC26
PC27
FDC1
FDC 2
FDC 2
FDC 2
FDC 2
FDC2
FDC2
FDC2
FDC 2
747;
$0001 1	 2n•	 1	 1@0005	 M•1
11 041 141 6 7 7	 3 	 1	 1
1•n
4 2
1 2 4 1 3	 4	 4
7 A 9 11 A	 10	 11
n 1
1
1 1
ln n • 16.4
1 2
1	 0 29 0• ri 10 Sn	 •	 700s
2	 3 10 8 11
2	 0 29 non 100 130•	 1709
t	 04 7 1 4
a	 n 79 0•^ 1•n
1	 2 6 4 7
—^^1?•1^nOgh.7^»10 —.3V01707 •nn0776646 0.0
7 13 14 1t+ 16 17	 1R	 19	 20	 2
17 3 76 3.22	 80i•7	 772
1 5 6 7 9 9
A
12• 0196 1.57 0	 0
60 4 •196 1.57
1 * 66 70 1PQ•
17 n n• o19 6 1.57
120 o196 1.57
1 9 66 7•n 139 0
053 7.0 18 •
053 7.0 18 •
1 n 1 1 160*
2 1 1 6 160•
28
3 2 1 6 16 •
27
4 3 1 6 16 •
26
5 4 1 1 16 •
6 5 1 3 16 •
7 6 1 3 16 •
A 7 1 3 1A •
9 8 1 1 16 •
In 9 1 2 16 •
11 10 1 2 16 •
12 3.1 1 2 16
13 12 1 2 6 •
14 0 3 1 16 •
15 14 3 16 •
16 n 7 16 •
17 16 7 16 •
1A 17 2 16 •
2e
94
i
II
4	 N
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12•n	 16	 •07
6 •n	 1.0	 *077
1.5 0050 600
1.6A	 1.0	 1•
1.0	 100	 1•
TDC1
TDC2
TDC3 -
TDC2
TDC3
TDC2
TDC3
TDC2
TDC3
A9.
59•
59•
590
59•
59•
59•
is
• i
4	 1	 ,
19 A 4 1 1 F A
2n 5 1 160
71 n '^ b 1 b ^
A
22 ?1 5 6 160
7
73 10 2 5 6 160
6
74 m 7 1 1F0
7 ^ ►^ A 7 16 1
p 6 A 11 A 16n
27 26 11 8 160
28 77 11 8 160
29 28 11 7 160
30 0 11) 7 160
31 0 9 7 160
4
169 0 1 7 3 4
94 0 ^•
1159• 1 7 3 4
47n 0 ^•
lAQ• 1 7 1 4
16 n n. n0
1690 27 7A 9 30
I nn. 00
1 2 1 1 160
2 3 7 3 160
3 4 3 3 1(0
4 5 4 3 160
5 6 5 1 160
6 7 6 3 160
7 8 7 3 160
A 9 A 3 16 r
9 10 9 1 16C
In 11 In 2 16C
11 12 11 2 160
12 13 12 2 16C
13 0 13 2 16C
14 19+ 14 1 1 f ^
15 0 15 1 16C
16 17 16 2 16C
17 18 17 2 1E.
18 0 18 1 16C
19 0 19 1 16C
2n 0 2n 1 16C
21 72 21 3 16C
22 73 22 3 16C
23 0 23 3 16C
74 n 74 1 16 C,
25 0 25 4 16C
26 27 26 4 16C
27 28 27 16C
28 29 28 4 16C
29 0 2 4 16C
3 m 0 3 4 16C
1
3
1
	
4
1
5
6
E
3
1
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1
100	 1
	
1	 ]
	
z	 1
	
A	 1
u	
4	 1
	
S	 1
	
6	 1
	
17.	 1
I	 n.
	11	 1
n•n
	
11	 2
y	 n•
	
1	 ^
n•i	 6
	
S	 ^
	
2	 8
n.
•
	
^	 1
•
	4	 1
	
5	 2
	
6	 3
n.
	
7	 4
n.
	4	 1
	2	 14
	
T.	 1°
	
2	 lE
	
5	 1^
	
5	 1. P
	
q	 1c
^a
	
4	 7f
	
4	 ?1
L
-41
	
A
	
1f
16 lo
16 •
160•
1600
160•
1
979 •
1
14 	 ^^• I 1 06 one
1
16•
1
70•
1
A•3
1
A•75
1
6.0
1
son
1
2.A
1
96
1
n.9
1
n.^
1
0.92
1
non
1
59.
1
•022
1
•0..5
1
1
A.5
1
•4_
1
1•
1
n•1]
1
s
	 ,`
1
60•
	 6•	 0090
NLET TEMP SYSTEM 1
YATrM 1 PUMP CURVE
70•	 4•	 0•
YSTFM 2 PUMP CURVE
LUID DENSITY
LUID CONDUCTIVITY
LUID CP
LUID VISCOSITY
'RICTION FACTOR
CURVE PRESSURE
LUMINUM CONDUCTIVITY
LUMINUM CP
'IN AASORPTANCE
'IN EMITTANCE
FRO INCIDENT HEAT
'NTFR Pt;
' I SC NON—CONDFN
'ISC CONDEN
'I5C LIQUID
'P NON—CONDEN
'P CONDEN
'P LIOUID
'OND NON—CONDEN
'ONDUCT CONDEN
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1n•6
1500
1 8 1 •
7120
245•
• 0m 07
1076
A•701
14.696
7 7 .III
0.0115
1
73 1
1^ ^•
1
b7•^4
75 1
62.4
76 35INS
140•
180 •
200•
7400
f)nnn1
2•A
7051
13.5
74.9
P7 1
100•
28 1
• 02.
79 1
1.0
04 0 1
1.0
1 1
2 1
n,
3 1
•10!
CONDUCT LIQUID
LATFNT HFAT OF VAPOR
PRANOTL LIQUID
DENSITY LIGUIn
PARTIAL PRF. S
30.7 30.72 30.73
160• 164• 168•
1880 1929 196•
216• 220• 225•
7500 2550 260•
,nn061 •nnnn g l 6 06An32
4.73 5.2 5.72
A 0944 9.744 10.605
1.5.991 17• l8A 18.915
79.82 32.53 35.4'
SYSTEM 7 TUBE CORD
SYSTEM 2 TUBE SH
SYSTEM 2 TUBE ABS
SYSTEM 2 TUBE EMtS
GAS FLOW/TOTAL FLOW
LIO• FLOW/TOTAL FLOW
NON-COND• FLOW/TOTAL FLOW
14
15
1
16
3n.
1	 •
176o
2 •
735•
n.
no 5
6.069
1.2•'41
720A
2
2
2
1
FO
30.74
172•
200•
230•
270•
$00004
6.272
11.525
20.78
41.83
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t
t
I
TI
WI.
TwallULU
TU
a
H
HI
ACON
ATEM
MAU
TYPE
RE
PR
COND
DEN
SP HT
VBULK
ZEI(i1i
}SAT TRAN COFP'P'
Lump number
Present temperature
Surrounding tube lump number
Constant temperature value
Number of upstream lump
Upstream lump temperature
Heat transfer coefficient 	 area for heat transfer
(NAVTC • 0, Parameter Card 2) 0/2 x TU
Heat transfer coefficient a RM (fb/^Aw)* 14 %HW is
item below)
Sum of hA and w cp,
Sum of hATt and 0 cp TU
Calculated maximum time increment
Lump type
ReSmolds Number
Prandtl number
Fluid conductivity
Fluid density
Fluid specific heat
hk at TI bulk viscosity)
/cat Tt tube wall viscosity)
Lump weight
Isothermal heat transfer coefficient (EMC above)
Fluid
 
Lm.2 Checkout Printing for Two-Phase Fl LAMB
1
1
WDOTL Liquid flow rate
RE(L) Superficial liquid Reynolyd 4 s Number
PO	 Gras pressure
PDR	 02 (see page 36)
DELP Pressure drop
Fluid Lump Checkout Printing for Non Two-Phase Flow Lune
It unp &W
NLD
WP, CSA
WDOTGf
WDOTL
WDOTO
HUMID
Viso
VISI
VISL
CPO
CPI
CPL
Lou
Ko
Kl
M
Same as above
Number of downstream lump
Same as above
Gas flow rate
Liquid flow rate
Non-condensible flow rate
Humidity ratio ( 3.bvapor/1b110n-c0nde ib1* )
Viscosity of non -condensible ( 10
Viscosity of condensible (x 1031
Viscosity of liquid ( x 103)
Specific heat of non-condensible
Specific heat of condensible
Liquid specific heat
latent hest of vaporization
Conductivity of non-condensible
Conductivity of condensible
Liquid conductivity
120
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sPRL	 Liquid Prandtl Number
DENL Liquid dens ity
VISI Gas mixture viscosity
CPO
	
GaL►
 mixture specific heat
KO	 Conductivity of gas mixture
PR(0) Mixture Prandtl Number
DEMO Gas density
30L^
Tube temperature
Gas superficial Reynolds Number
$AR UAR	 (see page 36)
CHI	 x (see page 35
PO	 Gas pressure
BULK Vapor partial pressure
DIF	 Diffusion coefficient value
SC	 Schmidt Number
PSURF Vapor pressure at condensing surface
PM	 Log mean pressure of non-condensible
KM	 Dies transfer coefficient
QL	 latent heat rate
H	 Heat transfer coefficient
TS	 Condensing surface temperature
TO	 Gas temperature
REV	 Special Reynolds Number (page 40)
ACON Sum of (coefficient x area) relating heat
to tube
ATEM Sun of (coefficient x area x temperature)
to tube
U	 Film conductance
MAAUO Gas maximum time increment
MAUL Liquid maximum time increment
Tube Lump Checkout Printing
The tube lump print explanation is as follows
transfer
+ Q relating
I	 Lump number
NDL	 Dump number downstream
TI	 Present temperature
TD	 Present temperature of tube downstream
CONI Conductivity of I
COND Conductivity of lump downstream
U	 Conductance to last lump conducted "to"
EM	 Emissivity of lump
AB	 Absorptivity of fin (gradient problems only)
Q	 Incident heat value
ACON(NDL) ACON for downstream lump
ATEM(NDL) ATEM for downstream lump
ACON(I) Sum of all UA products plus Q RA
ATEK(I) Sum of all UAT products ,  T associated with proper U
DTAU Stability required time increment
USUM Sum of all conductances from tube lump
121
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UTSUM	 Sum of conductance x temperature for lump I (U jM 0 j >I not
A ) 4ABsorp ivity)	 included)QA	 ZM
Wt -
	( d-) (T^ )
Structure Lump Checkout Printing
I	 Structure lump number
Q	 Macident heat
CONI	 Conductivity of I
W$XOR	 Weight of lump
SP HEAT	 Specified heat
USUM	 Sum of all conductances from tube lump and "to" other
fin (structure) lumps
UTSUM	 Sum of product of the conductances with respective
temperatures
QA	 Incident heat addition rate
QR	 (Emissivity )(Area)(e) T3
ACON	 Sum of conductance- .area products plus QR
I ATEM	 Sum of UAT products plus QA
DTAU	 Time increment required for stability
6.4	 RESUIMS AND OUTPUT FORMAT
The problem as set up was found to be slightly unstable with
p s 0.9.	 To insure a solution in this situation, 0 was set to 0.5 and
the problem was run 3000 iter ations (.3 hours), with no instability
noticed.	 The printout at 0.3 hours is shown in Table 4 .
	 Thermally the
problem was very close to steady state; but the liquid flow rates were
still dropping from their initial rise.
	 The slow decay time results be.
cause the velocity of the liquid in the condenser is such that the eon.
denser is traversed by a fluid particle in about 300 iterations.
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APPENDIX A
FIN BASE TR RMAL GRADIENZ
The non-dimensional fin base thermal gradients are determined by
numerical integration of the differential equation defining ons dimensional	 ^.
heat transfer in a radiating fin, as explained in paragraph 3,,1.2.	 2his	 f
operation is preformed by subroutine SUBI (if required) * 	 The subroutine
uses a Runge-Kutta-012 standard integration procedure. 	 For a given No
and Oro Initial 	 o dO/dX ^ X	 ally assumed and the	 values 	f	 • 0 are automatic
equation is integrated to X • 2.	 If the value of Or 0 X • 2 does not match
the given Or, an iteration procedure is employed until the Or 's Match.	 In
order to obtain an initial assumption for dO/dX which will not give a
divergent solution, an array of slopes, 4 a/tt No are written into Sm for
,;,. ►,^.`a.r.• ^• .each. Oe. •Tbusj c.%1% ati9,np can automatically be made for 10 	 N	 10000
'Sft •	 tibulitla	 'The slope values written into 	 are	 below. ; -I	 W, :t ~ 	 t....,IL s.^„
,•.	 •,•! r„	 11.4,
. +..J:►^^^& ;
-	 I	 ..,:
.'..'	 .'	 ..	 ,-
1	 ..	 ^	
i
0.1OgNo
	
24
	;LOP;SNi gC ilo, 1 	 ^'• v...I-
OQOec .5
05 1C 00	 of
•6cGoC•7
97 c Oe c 08
. •¢ Oe c .8;
. 5C Oe c .
904C oe c 095
Oe W.•95
E
These values have been used successfully for all calculations made
to date ( see Table Al). However, because of the sensitivity of or for
Initial values' of WAX, divergence could occur at some intermediate values
of Co. In this event ,a finer array of slopes must be used or the desired
points can be calculated separately.
The values of do/dX which have been used as table input for sample
problems are shown in Table Al. Plots for oe of 0,0.70, and 0 990 are shown
In Figures A1, A2o and A3./ The do/dX values below zero correspond to condi
tions where the adjacent tube temperature is so high that heat flaws into the
reference radiator tube.
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